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Introduction 


Background 

Prostate  cancer  poses  a  major  public  health  problem  in  the  United  States  and  worldwide.  It  has  the  highest 
incidence  and  is  the  second  most  common  cause  of  cancer  deaths  in  North  American  men  resulting  in  over 
30,000  deaths  per  annum.  Consequently,  there  is  an  urgent 
need  to  develop  novel  therapeutic  approaches.  The  molecular 
mechanisms  of  development  and  progression  of  prostate 
cancer  are  complicated  and  likely  to  involve  multiple  factors. 

The  human  double  minute  2  (Hdm2  or  human  Mdm2)  protein  is 
amplified  or  overexpressed  in  a  number  of  human  tumors, 
including  prostate  cancer.  Importantly,  the  Hdm2  antagonist 
nutlin-3,  which  is  particularly  effective  in  causing  p53- 
dependent  apoptosis  in  Hdm2-amplified  cultured  cells,  exhibits 
antitumor  activity  on  human  prostate  LNCaP  and  other  xeno¬ 
grafts  in  nude  mice.  Hdm2  promotes  p53  degradation  through 
an  ubiquitin-dependent  pathway  (Fig.  1).  The  exact  mechanism 
by  which  p53  is  stabilized  is  unclear,  although  a  series  of  post- 
translational  modifications  to  itself,  Hdm2  and  the  closely 
related  protein  Hdmx  (or  human  MdmX,  which  is  also  known  as 
Hdm4  or  human  Mdm4),  are  thought  to  dissociate  the  p53- 
Hdm2  complex  leading  to  increased  levels  of  p53.  Although 
Hdmx  contains  a  RING  domain  that  is  very  similar  to  the  RING 
domain  of  Hdm2,  it  does  not  possess  intrinsic  E3  ubiquitin 
ligase  activity.  Dimerization,  mediated  by  the  conserved  C- 
terminal  RING  domains  of  both  Hdm2  and  Hdmx,  appears  to 
greatly  augment  this  activity.  While  the  Hdm  RING  domains 
can  form  homodimers,  heterodimers  form  preferentially 
resulting  in  reduced  auto-ubiquitylation  of  Hdm2  and  increased 
p53  ubiquitylation.  Thus  disruption  of  this  interaction  should 
inactivate  Hdm2  E3  ligase  activity  and  consequently  increase 
p53  abundance.  The  recent  elucidation  of  the  structure  of  the 
complex  formed  by  the  RING  domains  of  Hdm2  and  Hdmx 
suggests  the  feasibility  of  obtaining  Hdm-specific  E3  ligase 
inhibitors  by  targeting  the  Hdm2/HdmX  RING  domain  dimer 
interface  rather  than  the  primary  E2  binding  site  that  is  common  to  many  RING  domain  E3-ubiquitin  ligases 
(Fig.  2). 

Objectives 

Disruption  of  Hdm2  function  is  a  very  novel 
attractive  therapeutic  target  for  prostate  cancer 
[3,  4]  (Fig.  1).  As  mentioned  earlier,  nutlin-3,  a 
peptidomimetic  that  disrupts  the  p53-Hdm2 
interaction,  activates  p53  pathways  both  in 
vitro  and  in  vivo  in  human  cell  lines  that 
possess  wild-type  p53  and  overexpress  Hdm2 
[5].  Vousden  and  colleagues  have  also 
established  that  it  is  possible  to  stabilize  p53 
by  directly  inhibiting  the  E3-ligase  activity  of 
Hdm2  [6],  although  this  approach  may  also 
inhibit  other  E3s.  The  recent  elucidation  of  the 
structure  of  the  Hdm2-Hdmx  RING  domain 
heterodimer  shows  that  both  protein  domains 
contribute  residues  for  E3-ligase  activity  (Fig. 

3).  This  strongly  suggests  that  it  might  be 
possible  to  obtain  Hdm-specific  E3  ligase 


Figure  2.  Hdm2-Hdmx  heterodimers  are  more  effective  p53  ubiquitin 
ligases  that  Hdm2  homodimers,  which  can  also  self-ubiquitylate 
themselves. 

Formation  of  Optimal  complex 

E2  binding  surface  on  Hdm2  for  p53  degradation 


Heterodimerization 
with  Hdmx 


Homodimerization 
l  with  Hdm2 


Self-ubiquitylation 
Degradation 


■X 


E2protein(s)  ( 


Suboptimal  complex 
for  p53  degradation 


Figure  1.  Hdm2-Hdmx  may  be  functionally 
inhibited  at  multiple  steps  to  reactivate  p53 
function.  Numbered  circles  indicate  potential 
therapeutical  targets  for  the  development  of 
Hdm2/Hdmx  antagonists.  In  this  proposal  will 
target  step  3  highlighted  in  green. 
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inhibitors  by  targeting  the  Hdm2-HdmX  RING  domain  dimer  interface  rather  than  the  primary  E2  binding  site 
that  is  common  to  many  RING  domain  E3-ubiquitin  ligases. 

To  achieve  this  objective  we  are  using  cell-based  libraries  of  cyclotides  for  selecting  specific  cyclotide 
sequences  able  to  antagonize  the  RING-mediated  interaction  between  Hdm2  and  Hdmx  to  obtain  Hdm-specific 
E3  ligase  inhibitors.  The  use  of  the  modified  protein  splicing  technology  developed  in  the  Camarero  lab  allows 
to  generate  large,  genetically-encoded  cyclotide  libraries  in  bacterial  cells.  These  cell-based  libraries  are  the 
screened  using  an  in-cell  FRET-based  reporter  in  combination  with  high  throughput  flow  cytometry  to  identify 
bacteria  encoding  cyclotides  able  to  disrupt  Hdm2-Hdmx  interactions.  Selected  cyclotides  are  then 
characterized  by  NMR  and  assayed  in  mammalian  cells  using  the  BiLC  assay  implemented  in  p53  wild-type 
and  p53-null  cancer  cell  lines  to  ascertain  p53-dependent  biological  activity. 

This  proposal  represents  a  novel  approach  for  antagonizing  Hdm2-Hdmx  E3-ligase  activity.  Selected 
cyclotides  will  be  highly  specific  for  antagonizing  Hdm2  E3-ligase,  and  for  eliciting  p53-dependent  cytotoxicity 
in  cancer  cells.  The  use  of  the  cyclotide  scaffold  will  enable  these  peptide  antagonists  to  have  the  required 
increased  stability,  cellular  membrane  penetration,  proteolysis  resistance  and  serum  clearance  needed  to  be 
considered  as  viable  drug  development  candidates.  It  is  also  important  to  remark,  that  this  cell-based 
technology  could  be  easily  adapted  to  screen  for  antagonists  for  other  relevant  protein-protein  interactions  in 
prostate  cancer;  for  example  those  that  may  induce  tumor  cell  apoptosis  independent  of  p53  or  compounds 
able  to  reactivate  mutant  p53.  These  compounds  could  be  used  in  combination  with  Hdm2  antagonists  to 
prevent  tumor  relapse  or  secondary  tumor  formation. 

Summary  of  results  found  for  FY201 1-2012 

During  the  second  year  of  this  project  we  have  accomplished  the  following:  1)  Developed  a  more  efficient 
method  for  the  biosynthesis  of  cyclotides  in  E.  coli  cells,  which  allows  the  incorporation  of  non-natural  amino 
acids  using  nonsense  tRNA  suppressor  technology;  2)  We  have  validated  our  FRET-based  reporter  to  sort  cell 
populations  expressing  interacting  and  non-interacting  RING-domains  and  3)  Developed  and  characterized  a 
novel  cyclotide  with  p53  activation  properties  and  trigger  cytotoxicity  in  p53-wt  prostate  cancer  cells. 

Body 

A.  Specific  Aims 

We  are  using  a  cyclotide-based  molecular  scaffold  for  generating  molecular  libraries  that  are  screened  and 
selected  in  vivo  for  potential  antagonists  for  the  RING-mediated  Hdm2/Hdmx  interaction.  In  this  innovative 
approach,  we  are  using  cell-based  libraries  (E.  coli  cell  libraries)  where  every  single  cell  will  express  a  different 
cyclotide,  in  what  we  could  call  a  single  cell-single  compound  approach.  These  compounds  are  then  screened 
and  selected  for  their  ability  to  inhibit  the  Hdm2/Hdmx  interaction  inside  the  bacterial  cell  using  a  genetically- 
encoded  FRET-based  reporter  [7]  in  combination  with  high  throughput  flow  cytometry  to  identify  bacteria 
encoding  cyclotides  able  to  disrupt  Hdm2-Hdmx  interactions.  This  screening  assay  is  optimized  to  be  used  in 
E.  coli  in  combination  fluorescence  activated  cell  sorting  (FACS)  and  is  designed  to  minimize  the  number  of 
false  positives.  The  Camarero  lab  has  developed  a  similar  assay  to  screen  cyclotides  able  to  inhibit  B. 
anthracis  Lethal  Factor  protease  activity  anthrax  toxin  binding,  demonstrating  the  feasibility  of  this  approach  for 
use  in  bacteria. 

Selected  cyclotides  are  also  characterized  by  NMR  and  assayed  in  mammalian  cells  using  the  BiLC  assay 
implemented  in  p53  wild-type  and  p53-null  cancer  cell  lines  to  ascertain  p53-dependent  biological  activity.  The 
BiLC  assay  developed  in  the  Wahl  lab  shows  a  high  dynamic  range,  high  degree  of  reproducibility  and  will  be 
used  to  validate  the  ability  of  any  cyclotide  selected  in  bacteria  to  enter  mammalian  cells  in  concentration 
sufficient  to  antagonize  Hdm2-Hdmx  RING-mediated  interaction. 

Specific  Aim  1.  To  screen  and  select  cyclotide-based  peptides  able  to  disrupt  the  Hdm2-Hdmx  RING 
heterodimer.  The  objectives  of  this  aim  are  the  production  of  large  genetically-encoded  libraries  of  cyclotides  in 
living  E.  coli  cells  (~1 09)  and  the  development  of  FRET-based  in  vivo  screening  reporter  to  select  cyclotides 
able  to  inhibit  Hdm2-Hdmx  RING  heterodimer.  Cells  able  to  express  active  cyclotides  will  be  selected  using 
high  throughput  flow  cytometry  methods  such  as  fluorescence  activated  cell  sorting  (FACS) 

Specific  Aim  2.  To  test  and  evaluate  the  inhibitory  and  biological  activity  of  selected  cyclotides.  Selected 
cyclotides  will  be  tested  in  vitro  using  a  combination  of  fluorescence  assays  and  nuclear  magnetic  resonance 
(NMR).  Biological  activity  will  be  assayed  using  different  cancer  cell  lines  to  evaluate  their  ability  to  activate 
endogenous  p53. 
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Figure.  3.  Primary  and  tertiary  structure  of  cyclotides  from  the  plants 
Momordica  cochinchinensis  (MCoTI-ll)  and  Oldenlandia  affinis  (Kalata  B1 ). 


MCoTI-ll 


Kalata  B1 


loop  6 


loop  6 


Kalata  B1 
Kalata  B2 
Kalata  B3 

MCoTI-I 

MCoTl-II 


Disulfide  bond 
Peptide  bond 


Figure.  4.  Scheme  depicting  the  in-cell 
biosynthesis  of  cyclotides  using  protein  trans¬ 
splicing  (PTS)-mediated  backbone  cyclization. 

PTS-mediated  backbone  cyclization 
of  cyclotides 


B.  Studies  and  results 

1 )  Biosynthesis  and  characterization  of 

genetically-encoded  cvclotide-based 

libraries.  Our  group  has  recently 
developed  and  successfully  used  a  bio- 
mimetic  approach  for  the  biosynthesis  of 
folded  cyclotides  (Fig.  3)  inside  cells  by 
making  use  of  modified  protein  splicing  unit 
in  combination  with  expressed  protein 
ligation  (EPL)  [8].  Using  this  approach,  we 
have  biosynthesized  a  small  genetically- 
encoded  library  based  on  the  cyclotide 
MCoTI-I  [9].  In  the  second  year  of  this 
project  we  have  developed  a  new  approach 
for  the  efficient  production  of  cyclotides  in 
bacterial  cells  using  protein  trans-splicing 
(PTS)  (Fig.  4)  (manuscript  in  preparation). 

Using  this  new  approach  we  have  shown 
that  we  can  express  folded  cyclotides  inside 
living  cells  10  times  more  efficiently  than  with  the  previous  method 
using  intracellular  EPL  [8,  10].  Importantly,  the  higher  efficiency  of 
PTS-mediated  cyclization  combined  with  nonsense-codon 
suppressor  tRNA  technology  has  also  made  possible  for  the  fist 
time  the  in-cell  production  of  cyclotides  containing  unnatural 
amino  acids  (UAAs).  These  results  open  the  exciting  possibility  for 
the  generation  of  genetically-encoded  cyclotide-based  libraries 
containing  additional  chemical  diversity  for  selection  on  novel 
cyclotide-based  sequences  with  improved  biological  activity.  For 
example  the  inclusion  of  amino  acids  with  side-chains  containing 
classical  warheads  as  ketoamides,  boronates  and  hydroxamates, 
which  are  absent  from  the  20  proteinogenic  amino  acids,  should 
help  in  screening  and  selection  of  cyclotides  with  more  effective 
pharmacological  properties. 

Protein  trans-splicing  is  a  post-translational  modification  similar 
to  protein  splicing  with  the  difference  that  the  intein  self¬ 
processing  domain  is  split  into  two  fragments  N-  (lN)  and  C-intein 
(lc).  The  split-intein  fragments  are  not  active  individually,  however, 
they  can  bind  to  each  other  with  high  specificity  under  appropriate 
conditions  to  form  an  active  protein  splicing  or  intein  domain  in 
trans.[2]  PTS-mediated  backbone  can  be  accomplished  by 
rearranging  the  order  of  the  intein  fragments,  i.e.  by  fusing  the  lN 
and  lc  fragments  to  the  C-  and  N-terminus  of  the  polypeptide  to 
cyclize,  the  trans-splicing  reaction  results  in  the  formation  of  a 
backbone-cyclized  polypeptide  (Fig.  3).  This  approach  has  been 
recently  used  for  the  biosynthesis  of  small  cyclic  hexapeptides 
[11]  In  this  work  in-cell  cyclization  was  performed  using  the 
naturally  occurring  Synechocystis  sp.  ( Ssp )  PCC6803  DnaE  split 
intein  [12].  The  use  of  Ssp  DnaE  intein,  however,  requires  the 
presence  of  specific  amino  acid  residues  at  both  intein-extein 
junctions  for  efficient  protein  splicing  [13].  To  overcome  this 
problem  we  used  the  Nostoc  puntiforme  PCC73102  ( Npu )  DnaE 
split-intein  instead.  This  DnaE  intein  has  been  reported  to  have  the  highest  rate  of  protein  trans-splicing  (x1/2  « 
60  s)  [14]  and  also  high  splicing  yield  [14,  15]. 


Trans-thioesterifi  cation 


i)  S  to  N  acyl  shift 

ii)  Backbone  cyclization 

iii)  Folding 
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We  explored  first  the  ability  of  the  Npu  DnaE  split-intein  to  produce  folded  wild-type  MCoTI-l  cyclotide  inside 
living  E.  coli  cells.  MCoTI-l  is  a  powerful  trypsin  inhibitor  recently  isolated  from  the  seeds  of  Momordica 
cochinchinensis,  a  plant  member  of  cucurbitaceae  family.  To  accomplish  this,  we  designed  the  split-intein 
construct  la  (Fig.  3).  In  this  construct,  the  MCoTI-l  linear  precursor  was  fused  in  frame  at  the  C  and  N  termini 
directly  to  the  Npu  DnaE  lN  and  lc  polypeptides.  No  additional  C-  or  N-extein  native  residues  were  added  in  this 
construct.  We  used  the  native  Cys  residue  located  at  the  beginning  of  loop  6  of  MCoTI-l  (Figs.  3  and  5)  to 
facilitate  backbone  cyclization.  A  His-tag  was  also  added  at  the  N-terminus  of  the  construct  to  facilitate 
purification. 


In-cell  expression  of  wild-type  MCoTI-l 
using  PTS-mediated  backbone 
cyclization  was  achieved  by 
transforming  the  plasmid  encoding  the 
split-precursor  la  into  Origami(DE3) 
cells  to  facilitate  folding,  and  then  over¬ 
expressing  the  MCoTI-precursor  split- 
intein  for  18  h  at  room  temperature. 
Using  these  conditions  the  precursor 
was  expressed  at  very  high  levels  (=70 
mg/L)  and  almost  completely  cleaved 
(>95%  in  vivo  cleavage,  Fig.  5B). 
Reducing  the  induction  time  during  the 
expression  of  precursor  la  did  not 
decrease  the  level  in  vivo  cleavage 
significantly,  indicating  the  inherent 
ability  of  the  construct  to  undergo 
protein  trans-splicing.  The  high 
reactivity  of  this  precursor  prevented  us 
to  perform  a  full  characterization  of  the 
precursor  protein  including  kinetic 
studies  of  the  trans-splicing  induced 
reaction  in  vitro.  Next,  we  tried  to 
isolate  the  natively  folded  MCoTI-l 
generated  in-vivo  by  incubating  the 
soluble  fraction  of  a  fresh  cell  lysate 
with  trypsin-immobilized  agarose  beads. 
As  indicated  before,  MCoTI-cyclotides 
can  to  bind  to  trypsin  beads  with  high 
affinity  only  if  they  are  correctly  folded. 
Therefore  this  step  can  be  used  for 
affinity  purification  but  also  to  test  the 
biological  activity  of  recombinantly 
produced  cyclotides.  After  extensive 
washing,  the  absorbed  products  were 
eluted  with  a  solution  of  8  M  guanidium 
chloride  (GdmCI)  and  analyzed  by 
HPLC.  The  HPLC  analysis  revealed  the 
presence  of  a  major  peak  that  had  the 
expected  mass  for  the  natively  folded 
MCoTI-l  (Fig.  5C).  Recombinant  MCoTI- 
I  produced  by  PTS-mediated  cyclization 
was  also  characterized  by  2D-NMR 
spectroscopy  and  shown  to  be  identical 
to  natively  folded  MCoTI-l  [10]. 


The  in-cell  expression  level  of  folded 
MCoTI-l  produced  by  PTS-mediated  cyclization  was  estimated  to  be  *70  pg/L  of  bacterial  culture,  which 


Figure  5.  In-cell  expression  of  MCoTI-l  and  MCoTI-OmeF  (containing  the 
unnatural  amino  acid  p-MeO-Phe)  in  E.  coli  cells  using  PTS-mediated 
backbone  cyclization.  A.  Design  of  the  protein  precursor  for  in-cell  production  of 
cyclotides  MCoTI-l  and  MCoTI-OmeF.  B.  SDS-PAGE  analysis  of  expression  of 
precursors  la  (MCoTI-l)  and  1b  (MCoTI-OmeF)  in  E.  coli Origami(DE3)  cells. 

C.  Analytical  HPLC  analysis  of  the  soluble  cell  extract  of  bacterial  cells 
expressing  precursor  la  (MCoTI-l)  after  pulldown  with  trypsin-agarose  beads. 
Folded  MCoTI-l  is  marked  with  an  arrow.  Endogenous  bacterial  proteins  that 
bind  trypsin  are  marked  with  an  asterisk.  D.  Analytical  HPLC-MS/MS  analysis  of 
the  soluble  cell  extract  of  bacterial  cells  expressing  precursor  1  b  (MCoTI- 
OmeF)  after  pulldown  with  trypsin-agarose  beads.  Folded  cyclotide  is  marked 
with  an  arrow. 
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corresponds  to  an  intracellular  concentration  of  ~7  pM.  In-cell  expression  of  folded  MCoTI-cyclotides  by  PTS 
was  about  10  times  more  efficient  than  intramolecular  EPL-mediated  backbone  cyclization.  This  improvement 
could  be  explained  first,  by  the  choice  of  the  split-intein  ( Npu  DnaE)  used,  which  is  extremely  efficient  in 
combining  fast  kinetics  and  good  yields  of  trans-splicing,  and  also  by  the  differences  in  the  cyclization  process 
between  the  PTS  and  EPL  methods.  In  PTS,  the  cyclization  is  driven  by  the  affinity  between  the  two-intein 
fragments,  lN  and  lc,  which  in  the  case  of  the  Npu  DnaE  intein  is  very  tight  (KD  ~  3  nM)  [16].  Once  the  intein 
complex  is  formed  the  trans-splicing  reaction  is  also  extremely  fast  {xV2  ~  60  s  for  the  Npu  DnaE  intein).  In 
contrast,  EPL-mediated  cyclization  follows  a  slightly  more  complex  mechanism  that  relies  first  in  the  formation 
of  the  C-terminal  thioester  at  the  N-extein-junction  and  removal  of  the  N-terminal  leading  sequence  (a  Met 
residue  in  this  case)  to  provide  a  N-terminal  Cys.  These  two  groups  then  react  to  form  a  peptide  bond  between 
the  N-  and  C-termini  of  the  polypeptide.  It  is  also  worth  noting  that  in  contrast  with  the  Ssp  DnaE  intein,  which 
requires  at  least  4  native  residues  at  the  N-  and  C-terminal  extein-intein  junctions  to  work  efficiently  [17],  the 
Npu  ortholog  shows  a  good  sequence  tolerance  for  both  junctions  as  is  demonstrated  by  the  efficient  trans¬ 
splicing  of  precursor  la  (Fig.  5A).  The  tetrapeptide  sequences  at  both  intein-extein  junctions  in  construct  la 
have  only  a  20%  sequence  homology  with  the  native  sequences  of  both  Npu  DnaE  exteins. 

Encouraged  by  these  results,  we  decided  to  try  in-cell  expression  of  cyclotide  MCoTI-l  incorporating  UUAs 
using  PTS.  This  cyclotide  contains  the  UAA  p-MeO-Phe-OH  (OmeF)  replacing  residue  Asp12  in  loop  2. 
Encoding  of  the  UUA  was  carried  out  by  replacing  the  Asp12  residue  in  MCoTI-l  by  an  amber  stop  codon 
(TAG).  The  Asp12  residue  is  located  in  the  middle  of  loop  2  (Fig.  3),  which  has  been  shown  to  be  tolerant  to 
mutations  without  affecting  the  structure  and  biological  activity  of  the  resulting  cyclotide  [10].  The  incorporation 
of  UAAs  into  the  cyclotide  framework  was  tested  with  p-methoxyphenylalanine  (OmeF),  which  has  been 
already  successfully  encoded  into  different  recombinant  proteins  [18].  To  accomplish  this,  precursor  1b  (Fig. 
5A)  was  overexpressed  in  Origami(DE3),  co-transformed  with  UUA-encoding  plasmid  pVLOmeR  (a  kind  gift 
from  Dr.  Lei  Wang,  The  Salk  Institute),  in  the  presence  of  1  mM  OmeF.  Construct  1b  is  similar  to  la  but  was 
designed  to  incorporate  UUAs  into  residue  Asp12  in  MCoTI-l  (Figs.  3  and  5A).  The  expression  level  of  the  intein 
precursors  was  *10  mg/L  (15%  suppression).  In-vivo  trans-splicing  for  1b  was  also  similar  (>90%,  Fig.  5B)  to 


Figure  6.  FRET-based  reporter  for  screening  Hdm2/MdmX  RING-mediated  Interactions.  A.  Principle  for  the  FRET-based  reporter 
to  screen  for  antagonists  against  the  RING-mediated  Hdm2/MdmX  heteronuclear  complex.  The  formation  of  the  complex  brings  in 
close  proximity  fluorescent  proteins  YPet  and  CyPet.  Excitation  of  CyPet  with  blue  light  allows  the  transfer  of  energy  to  the  yellow 
fluorescent  protein  YPet  producing  yellow  fluorescence.  Inhibition  of  the  Hdm2/MdmX  interaction  prevents  the  transfer  of  energy 
from  the  blue  fluorescent  protein  CyPet  thus  giving  only  blue  fluorescence. 
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that  of  the  wild-type  PTS  construct  (la).  Cyclotide  MCoTI-OmeF  was  purified  by  affinity  chromatography  using 
trypsin-agarose  beads  from  fresh  soluble  cell  lysates.  The  trypsin-bound  fraction  was  analyzed  by  HPLC  and 
LC-MS/MS  (Fig.  5D).  In-cell  expression  level  for  cyclotide  MCoTI-OmeF  was  estimated  to  be  «  1  pg/L,  which 
equals  to  an  intramolecular  concentration  of  0.1  pM. 

In  summary,  we  have  shown  that  the  biosynthesis  of  cyclotides  can  be  achieved  in  live  cells  more  efficiently 
with  PTS  than  EPL.  Importantly,  in-cell  PTS-mediated  cyclization  also  allows  the  biosynthesis  of  cyclotides 
containing  UAAs.  Although  PTS  has  been  used  earlier  for  the  generation  of  small  cyclic  peptides  using  the  less 
efficient  Ssp  DnaE  split-intein  [13],  to  our  knowledge  this  is  the  first  time  that  this  method  is  used  for  the 
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production  of  native  folded  cyclotides.  We  estimated  that  in-cell  production  of  cyclotide  MCoTI-l  was  around 


Figure  7.  In-cell  FRET-based  reporter  to  screen  inhibitors  against  RING-mediated  Hdm2/HdmX  interaction.  A.  Cloning  and  co¬ 
expression  of  YPet-Hdm2  and  CyPet-HdmX  fluorescent  constructs  on  E.  coli.  YPet-Hdm2  and  CyPet-HdmX  were  cloned  into  a 
pRSF  duet  expression  vector.  The  resulting  vector  was  used  to  transform  E.  coli  cells  and  both  proteins  were  expressed  at  room 
temperature  for  18  h.  Purified  proteins  were  analyzed  by  SDS-PAGE.  B.  Fluorescence  spectra  of  live  E.  coli  cells  expressing 
YPet-Hdm2  /  CyPet-HdmX  (FRET-on),  YPet-Hdm2  (C464A)  /  CyPet-HdmX  (FRET-off),  and  YPet-BARD-l  /  CyPet-HdmX  (FRET- 
off).  Excitation  to  quantify  FRET  signal  was  performed  at  414  nm.  Inset:  quantification  of  fluorescent  protein  YPet  in  live  E.  coli 
cells  expressing  FRET-reporter  indicates  that  the  differences  observed  in  FRET  signal  are  not  due  to  different  expression  levels 
of  the  YPet  fusion  protein.  Cells  were  excited  at  490  nm  for  YPet  quatification.  C.  Analysis  by  FACS  of  live  E.  coli  cells  expressing 
YPet-Hdm2  /  CyPet-HdmX  (FRET-on);  and  YPet-Hdm2  (C464A)  /  CyPet-HdmX  (FRET-off).  The  RING  domains  of  Hdm2 
(C464A)  and  BARD-I  (26-126)  do  not  interact  with  the  RING  domain  of  HdmX  and  were  used  as  negative  controls  to  evaluate  the 
background  fluorescence  of  the  FRET-off  state. 
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10-times  more  efficient  using  Npu  DnaE  PTS  than  EPL,  and  therefore  provides  an  attractive  alternative  for  the 
recombinant  production  of  these  type  of  polypeptides.  Importantly,  the  higher  efficiency  of  PTS-mediated 
cyclization  combined  with  nonsense-codon  suppressor  tRNA  technology  has  also  made  possible  for  the  fist 
time  the  in-cell  production  of  cyclotides  containing  UUAs.  These  results  open  the  exciting  possibility  for  the 
generation  of  genetically-encoded  cyclotide-based  libraries  containing  additional  chemical  diversity  for  the 
selection  on  novel  cyclotide-based  sequences  with  improved  biological  activity  to  target  protein-protein 
interactions  involved  in  the  p53  pathway.  We  are  currently  using  this  approach  for  the  production  of  cyclotide- 
based  libraries  using  UAAs  to  target  the  RING-mediated  interaction  between  Hdm2  and  HdmX  proteins. 


2)  Cell-based  reporter  to  screen  in-cell  RING-mediated  Hdm2/HdmX  interactions.  During  the  first  year  of  the 
project  we  have  generated  a  fluorescent  reporter  to  screen  RING-Hdm2/RING-HdmX  interaction.  The  principle 
for  this  approach  is  depicted  in  Figure  6.  Our  FRET-based  reporter  system  uses  a  CyPet  and  YPet  fluorescent 
proteins,  which  are  fused  the  N-terminus  of  the  RING  domains  of  Hdm2  (429-491  aa)  and  HdmX  (427-490  aa), 
respectively.  The  N-terminal  region  of  the  Hdm2/X  RING  domains  can  easily  tolerate  the  addition  of  different 
protein  domains  or  protein  fragments  without  altering  their  heterodimerization  and  biological  function.  For 
example  the  Wahl  group  has  shown  that  half-luciferase  fragments  can  be  added  without  affecting  the  ability  of 
Hdm2  and  Hdmx  RING  domains  to  heterodimerize.  Moreover,  to  prevent  any  potential  steric  hindrance  that 
could  interfere  with  the  molecular  recognition  process,  we  initially  introduced  the  flexible  linker  [Gly-Gly-Ser]5 
between  the  interacting  proteins  or  protein  domains  and  the  corresponding  fluorescent  proteins. 
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We  have  shown  that  this 
system  can  be  used  to  monitor 
the  RING-mediated  interaction 
between  Hdm2  and  HdmX.  As 
shown  in  Figure  7,  when  the 
Hdm2-Hdmx  RING 
heterodimer  is  formed  in  vivo 
the  pair  CyPEt-YPet  exhibits 
high  FRET  signal  indicating  the 
formation  of  the  complex. 

Background  FRET  signal  was 
evaluated  using  cells 
expressing  YPet-HdmX  and 
the  CyPet-Hdm2  mutant 
(C464A).  This  mutation  in  the 
RING  domain  of  Hdm2 
prevents  Hdm2-Hdmx 
heterodimerization  and 
provides  the  background  FRET 
signal  when  the  Hdm2/HdmX 
complex  is  not  formed.  We 
also  tested  the  FRET  background  using  a  cell  line  co-expressing  the  RING  domain  of  BARD-I  (26-126)  fused 
to  YPet  at  its  N-terminus  with  CyPET-HdmX  as  these  two  RING  domains  do  not  interact  with  each  other.  In 
both  cases  the  background  FRET  signal  when  the  RING  heterodimerization  was  prevented  (i.e.  FRET-off 
state)  was  =  2  times  smaller  that  of  the  positive  control  using  CyPet-HdmX/YPet-Hdm2  or  CyPet-Hdm2/YPet- 
HdmX  (i.e.  FRET-on  state)  (Fig.  7B).  Analysis  by  fluorescence  activated  cell  sorting  (FACS)  also  revealed  that 
both  populations  of  cells,  i.e. 

FRET-on  and  FRET-off  cells  can 
be  easily  separated  by  FACS 
(Fig.  7C). 


During  the  second  year  of  the 
project  we  have  developed  a 
protocol  for  FACS  to  separate 
mixtures  of  cells  depending  on 
their  FRET-state  when  using  the 
fluorescence  reporter  described 
above.  As  shown  in  Figure  8, 
this  protocol  (summarized  in  Fig. 

9)  can  be  easily  used  to  enrich  a 
population  of  E.  coli  cells  from 
an  initially  predominant  FRET- 
ON  phenotype  (RING-domain 
complex  formed)  into  a  FRET- 
OFF  phenotype  (RIGN  domain 
antagonized).  In  a  model 
experiment  performed  with  an 
artificial  mixture  of  E.  coli  cells 
containing  cells  transfected  with 
pRSF  duet  plasmids  encoding 
CyPet-HdmX  /  YPet-Hdm2  (FRET-ON  population)  and  CyPet-Hdm2  /  YPet-BARD-l  (FRET-OFF  population) 
was  enriched  from  a  population  with  a  ratio  FRET-OFF/FRET-ON  of  1:100  to  approximately  100:1  in  just  four 
rounds  of  sorting  (Fig.  8).  The  enrichment  process  was  also  monitored  by  PCR  and  DNA  sequencing  as  shown 
at  the  bottom  of  Figure  8. 


Figure  9.  Scheme  and  protocol  used  for  the  sorting  of  E.  coli  using  a  FRET-based 
reporter  formed  by  CyPet-HdmX  and  YPet-Hdm2. 
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Figure  8.  Fluorescent-activated  cell  sorting  enrichment  of  an  artificial  mixture  of  E.  coli 
cells  expressing  CyPet-HdmX  /  YPet-Hdm2  (FRET-ON)  and  CyPet-HdmX  /  YPet-BARD-l 
(FRET-OFF)  in  a  ratio  FRET-ON/OFF  of  100:1  to  a  final  ratio  FRET-ON/OFF  of  4:96. 
Every  enrichment  step  was  monitored  by  DNA  sequencing  using  a  T7-terminator  primer 
and  by  PCR  using  primers  specific  for  the  RING  domains  of  Hdm2  and  BARD-I. 
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We  are  now  in  the  process  of  testing  further  this  protocol  for  the  enrichment  of  E.  coli  samples  with  FRET- 
OFF/FRET-ON  ratios  of  1 :1 00,000  and  1 :1 ,000,000.  We  expect  that  between  5  and  7  sorting  steps  will  be 
required  to  enrich  the  FRET-OFF  phenotype  in  these  mixtures.  The  validation  of  this  protocol  will  allow  us  to 
start  the  screening  of  the  first  MCoTI-based-libraries  containing  up  to  106  different  cyclotides  within  the  next 
month  or  so.  In  principle,  this  approach  should  be  able  to  enrich  genetically-encoded  cyclotide-based  libraries 
containing  between  1  to  10  hits  per  1,000,000  library  members. 

3)  Development  of  a  novel  cvclotide  with  p53  activating  properties.  Since  we  do  not  yet  have  any  rationally 
engrafted  or  selected  cyclotides  and  small 
chemical  compounds  that  could  inhibit 
Hdm2/Hdmx  RING  interaction,  we  have 
used  other  well-studied  protein-protein 
interactions,  i.e.,  p53/Hdm2  and  p53/Hdmx 
to  perform  proof-of-principle  experiments. 

During  this  year  we  have  developed  a  novel 
cyclotide  able  to  antagonize  the  interaction 
between  p53  and  Hdm2/HdmX.  This 
cyclotide  has  been  designed  and  used  as 
model  to  test  the  activation  of  the  p53 
pathway  in  vitro  and  in-cell  assays  and  to 
test  the  potential  of  cyclotide-based 
therapeutics  to  target  intracellular  protein- 
protein  interactions  like  the  RING-mediated 
Hdm2-HdmX  interaction. 

During  the  second  year  of  this  project  we 
have  developed  a  cyclotides  that  activate 
programmed  cellular  death,  a  promising 
target  for  cancer  therapy  [19].  Specifically, 
we  have  engineered  a  cyclotide  (MCoTI- 
PMI)  able  to  inhibit  the  interaction  between 
p53  and  Hdm2/HdmX.  This  was 
accomplished  by  engineering  one  the  loops 
of  the  cyclotide  MCoTI-l  to  display  a  small 
helical  peptide  derived  from 
the  natural  Hdm2-binding 
sequence  of  p53  [20].  The  a- 
helical  segment  was 
engineered  using  the  peptide 
apamin  [21],  a  component  of 
Apis  melifera  venom,  to 
engineer  the  p53-based  a- 
helical  peptide  PMI  a-helix 
[20]  and  a  turn  into  loop  6  of 
cyclotide  MCoTI-l  (Fig.  10). 

Engineered  cyclotide  MCoTI- 
PMI  was  chemically  produced 
(Fig.  1 1 )  or  recombinantly 
expressed  using  inter¬ 
mediated  cyclization  with 
good  yields  (Fig.  12).  MCoTI- 
PMI  was  also  shown  to  fold 
adopting  a  native  cyclotide 
fold  by  2D-heteronuclear 
NMR  (Fig.  13)  and  bind  with 
high  affinity  to  both  Hdm2  and 

HdmX  with  a  /Rvalue  of  2.3  ±  0.1  nM  and  9  ±  InM,  respectively  as  determined  by  fluorescence  anisotropy 


Figure  11.  Chemical  synthesis  of  cyclotide  MCoTI-PMI  using  Fmoc-based  solid-phase 
synthesis  on  a  sulfonamide  linker.  The  resulting  linear  peptide  thioester  is  reacted  in  PBS  in 
the  presence  of  reduced  GSH,  this  rapidly  promotes  the  backbone  cyclization  and 
concomitant  folding  of  the  resulting  grafted  cyclotide  MCoTI-PMI. 
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Figure  10.  Design  of  MCoTI-PMI,  a  MCoTI-based  cyclotide  with  the  a- 
helical  peptide  PMI  grafted  onto  loop  6  of  cyclotide  MCoTI-l.  Binding 
constants  for  the  different  p53-based  peptides  were  taken  from  reference 
[1].  The  structure  of  MCoTI-PMI  is  based  on  a  model  built  using  the 
structure  MCoTI-ll  and  apamin.  The  grafted  sequence  is  shown  in  small 
letters.  The  sequence  of  the  polypeptide  is  shown  using  a  single  letter 
code  for  every  amino  acid  residue. 
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(Fig.  14).  As  expected,  the  cyclotide  MCoTI-PMI-F3A  mutant  did  not  bind  neither  the  p53  binding  domains  of 
Hdm2  nor  HdmX.  This  cyclotide 
contains  a  mutation  (F3A)  in  the 
PMI  peptide,  which  has  been 
show  to  disable  the  interaction 
between  PMI  and  Hdm2  or 
HdmX. 


Figure  12.  Recombinant  expression  of  cyclotide  MCoTI-PMI  using  a  protein  splicing  unit 
and  a  TEV  protease  recognition  leading  signal.  Once  the  linear  precursor  is  expressed 
and  purified  the  TEV  leading  signal  is  cleaved  to  yield  an  N-terminal  Cys  residue  that 
reacts  in  an  intramolecular  fashion  with  the  C-terminal  thioester  generated  by  the  protein 
splicing  unit  or  intein.  The  backbone  cyclization  is  induced  by  the  presence  of  reduced 
GSH,  which  also  promotes  the  folding  of  the  resulting  cyclic  polypeptide  into  a  cyclotide 
fold  [2], 


Expression 
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Competitive  inhibition 
experiments  carried  out  in  vitro 
with  a  FRET-based  reporter 
formed  by  the  p53  peptide  (p53 
15-29)  and  the  p53  binding 
domains  of  Hdm2  or  HdmX 
fused  to  the  fluorescent  protein 
YPet  or  CyPet,  respectively,  also 
showed  that  MCoTI-PMI  was 
able  to  inhibit  the  p53/Hdm2  and 
p53/HdmX  interaction  in  a  dose- 
dependent  fashion  with  IC50 
values  of  41  ±1  nM  and  1 71  ±1 
nM,  respectively.  The  IC50  value 
for  nutlin-3  (a  small  molecule 
designed  to  inhibit  the 
p53/Hdm2)  [5]  was  around  3 
times  larger  than  of  the  cyclotide 
MCoTI-PMI  (Fig.  15). 

Interestingly,  the  cyclotide  MCoTI-PMI  was  also  able  to  inhibit  the  interaction  between  p53  and  HdmX  while 


MCoTI-PMI 


Figure  13.  (A)  ,bN-HSQC  spectra  of  lbN-labeled  cyclic  MCoTI-l  (black)  and  MCoTI-PMI  (red).  (B)  ,bN-HSQC  spectra  of  ,bN- 
labeled  MCoTI-PMI  free  (red)  and  complexed  with  the  p53  binding  domain  of  Hdm2  (black).  All  spectra  were  recorded  in 
sodium  phosphate  buffer  at  pH  6.5  at  298  K. 
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nutlin-3  completely  failed  to  inhibit  it.  The  empty  scaffold,  i.e.  cyclotide  MCoTI-l,  did  not  present  any  activity 
against  either  Hdm2  or  HdmX  (Figs.  14  and  15). 


Figure  14.  Binding  isotherms  of  the  p53  binding  domains  of  Hdm2  and  HdmX  to  cyclotides  MCoTI-PMI  and  MCoTI-PMI-F3A. 

Binding  isotherm  for  Mdm2  Binding  isotherm  for  MdmX 


More  importantly,  cyclotide  MCoTI-PMI  was  shown  to  induce  cytotoxicity  in  p53-wt  human  cancer  cells  in  a 
p53  dependent  pathway  with  an  IC50  value  of  =10  pM,  which  similar  to  that  of  the  small  molecule  nutlin-3 
recently  developed  to  antagonize  p53/Hdm2  [5]  (Fig.  16).  In  contrast  to  nutlin-3,  the  cyclotide  MCoTI-PMI 
showed  very  little  toxicity  to  normal  epithelial  cell  lines  (Fig.  16).  Importantly,  the  cyclotide  MCoTI-PMI  also 
showed  a  remarkable  resistance  to  degradation  in  human  serum  at  37°C  (x1/2  «  32  h),  while  the  linear  and 
reduced  form  of  MCoTI-PMI  was  rapidly  degraded  under  the  same  conditions  (x1/2  =  0.5  h)  (Fig.  17).  It  is  worth 


Figure  15.  Competitive  inhibition  of  p53/Hdm2  interaction  by  nutlin-3,  different  p53-based  peptides, cyclotide  MCoTI-l  and  PMI- 
grafted  cyclotide  MCoTI-PMI.  The  experiment  was  perfomed  using  FRET-reporter  formed  by  the  N-terminal  p53  peptide  fused  to 
YPet  (YPet-p53)  and  the  p53  binding  domain  of  Hdm2  fused  to  CyPet  (Hdm2-CyPet).  Briefly,  20  nM  CyPet-Hdm2  and  5  gM 
YPet-p53  were  mixed  at  23°  C  in  10  mM  sodium  phosphate  1 50  mM  NaCI  buffer  at  pH  7.3.  Fluorescence  was  measured  at  475 
and  525  nm  using  an  excitation  wavelength  of  41 4  nm  in  the  presence  of  different  inhibitor  concentrations. 
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noting  that  the  chemical  reduction  of  MCoTI-PMI  required  extreme  conditions  involving  the  use  of  8  M  urea  in 
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the  presence  of  100  mM  DTT  at  pH  8.0.  Remarkably,  these  results  demonstrate  that  MCoTI-based  engineered 
cyclotides  can  cross  cell  membranes  to  target  cytosolic  protein/protein  interactions,  such  as  p53/Hdm2  and 
p53/HdmX  and  highlight  the  extraordinary  resistance  of  this  scaffold  to  chemical,  physical  and  biological 
degradation. 


These  studies  show  the  therapeutical  potential  of  cyclotides  to  target  intracellular  protein-protein  interactions 
such  as  the  p53-Hdm2/HdmX  and  the  RING-mediated  Hdm2-HdmX  interaction.  It  also  highlights  the  abilities  of 
the  new  USC  team  to  test  the  biological  activity  of  selected  cyclotides  to  activate  the  p53  pathway  in  normal 
and  cancer  cells  using  the  MTT  assay. 


Figure  16.  Cell-based  toxicity  of  cyclotide  MCoTI-PMI  against  different  cancer  cell  lines  p53-wt  (LNCaP),  p53-null  (PC3)  and  p53- 
mutated  (DU-145).  Non-cancerous  epithelial  cells  (HBL-100  and  HEK-293T)  were  also  used  in  the  assay.  Nutlin-3  and  the 
cyclotide  MCoTI-PMI-F3A  were  used  as  postive  and  negative  controls,  respectively.  Cell  cytotoxicity  was  estimated  by  standard 
MTT  assay  after  48  h  of  treating  the  cells  with  the  corresponding  compounds  for  1  h  in  PBS. 
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4)  Development  of  mammalian  cell- 
based  assay  for  testing  biological  activity 

of  cyclotide-based  Hdm2/Hdmx 
interaction  antagonists.  This  work  was 
performed  by  Dr.  Wahl  as  a  subcontract 
to  this  project.  The  development  of 
mammalian  cell-based  Hdm2/Hdmx 
protein-protein  interaction  assay  has 
been  completed.  We  utilized  bimolecular 
lucif erase  complementation  (BiLC)  to 
achieve  this  goal.  Originally  developed 
by  Luker  et  al. ,  BiLC  relies  on  the 
reconstitution  of  luciferase  activity  from 
two  fragments  of  the  luciferase  cDNA 
[22].  These  halves  are  fused  to  proteins 
of  interest  resulting  in  luciferase  activity 
only  if  the  two  test  proteins  interact.  We 
constructed  fusion  proteins  of  the  Hdmx  RING  (amino  acids  427-490)  and  Hdm2  RING  (amino  acids  429-491) 
domains  with  N-  (amino  acids  1-416)  and  C-  (amino  acids  398-550)  terminal  fragments  of  firefly  luciferase 
(designated  nLuc-XR  and  cLuc-2R,  respectively).  A  RING  domain  mutant  of  Hdm2  (C464A)  fused  to  the  cLuc 


Figure  17.  Serum  stability  of  cyclotide  MCoTI-PMI  in  human  serum  at  37°  C. 
Cyclotide  MCoTI-l  and  linearized/reduced  MCoTI-PMI  were  also  used  as 
controls. 
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fragment  (cLuc-2R_C464A)  serves  as  a  negative  control,  as  this  mutant  is  unable  to  heterodimerize  with 
Hdmx.  The  constructs  are  expressed  from  a  bidirectional  doxycycline/tetracycline-inducible  promoter  (TREbi), 
affording  precise  control  over  the  timing  and  expression  level  of  !4  Luc-RING  fusions.  The  DNA  constructs  are 
depicted  in  Figure  18A.  Using  recombinase-mediated  cassette  exchange  [23],  we  introduced  this  construct  into 
p53-null  SaOS-2  osteosarcoma  cells,  and  into  p53  wild  type  U20S  osteosarcoma  cells  at  a  single  site  in  the 
genome  of  each  cell  line.  The  cell  clones  have  been  isolated  that  show  highly  reproducible  induction  with  IQ- 
800  fold  dynamic  range  for  generating  luminescence  (Figure  18B).  Importantly,  luciferase  activity  is  specifically 


Figure  18.  A.  Diagram  of  Hdm2/Hdmx  RING  domain  BiLC 
expression  cassette.  B.  The  Hdm2/Hdm4  RING  domain  BiLC 
signals  are  doxycycline  dose  dependent.  Saos-2  cells 
expressing  the  nLuc-XR/cLuc-2R  showed  robust  and 
doxycycline  dose  dependent  luminescence  in  an  end-point 
luciferase  assay  (green  bars)  whereas  Hdm2  C464A  RING 
mutant  C464A  generated  no  luminescent  signal  (magenta 
bars). 
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Figure  19.  In  vitro  and  in  vivo  BiLC  assays.  Cellular 
lysates  prepared  from  U20S  p53/Hdmx  (A),  p53/Hdm2 
(B)  and  BRCA1/BARD1  RING  domain  (C)  BiLC  reporter 
cell  lines  were  incubated  with  MCoTI-l  (10  pM),  MCoTI- 
PMI  (10  pM),  Nutlin-3a  (10  pM),  and  DMSO  in  the 
presence  of  D-luciferin  reaction  buffer  [2]  in  a  384-well 
plate  (Corning  solid  white).  Luminescence  was  read  in  a 
Tecan  M200  plate  reader  with  0.5  sec  integration  time 
per  well  at  26  °C.  The  percentage  of  luminescence  is 
expressed  as  the  luminescent  reading  from  each 
treatment  over  that  of  DMSO.  Each  treatment  contained 
three  duplicates  and  error  bar  indicated  SEM. 
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dependent  on  the  interaction  of  the  Hdm2  and  Hdmx  RING  domains,  since  only  background  luminescence  was 
observed  upon  induction  of  the  gene  encoding  the  !4  luciferase  Hdm2_C464A  mutation  (Fig.  18B).  We  had 
completed  these  BiLC  reporter  cell  lines.  We  anticipate  that  any  cyclotide  antagonists  that  can  inhibit 
Hdm2/Hdmx  RING  interaction  will  decrease  luminescence  signal  in  BiLC  assay.  Although  currently  we  do  not 
have  any  specific  positive  compound  to  inhibit  Hdm2/Hdmx  RING  interaction,  we  have  demonstrated  that  this 
BiLC  strategy  is  able  to  identify  protein-protein  interaction  antagonists  in  other  protein-protein  interaction  BiLC 
system  using  the  interaction  between  p53  and  Hdm2/HdmX  and  the  cyclotide  MCoTI-PMI  (Fig.  19). 


5)  Biosynthesis  of  other  circular  polypeptides  in  E.  coli.  During  this  second  year  of  the  project  we  have  also 
explored  the  biosynthesis  of  other  circular  polypeptides  (circular  a-defensins  and  naturally  occurring  circular  0- 
defensins)  using  protein  splicing  in  E.  coli  cells.  The  purpose  was  to  explore  the  generality  of  the  circularization 
method  with  other  scaffolds  that  could  be  also  used  potentially  for  the  generation  of  libraries  to  screen  the 
Hdm2-HdmX  interaction.  The  data  obtained  in  this  section  is  summarized  in  papers  #3,  #4  and  #5  (see 
appendix  section). 


Key  Research  Accomplishments  (2011-2012) 

•  We  optimized  the  biosynthesis  of  cyclotides  in  living  cells  using  PTS-mediated  backbone  cyclization.  Using 
this  new  methodology  we  can  reach  intracellular  concentrations  of  folded  cyclotides  up  to  7  pM.  This 
approach  can  be  also  used  for  the  incorporation  of  unnatural  amino  acids  (UAAs),  which  opens  the  exciting 
possibility  for  the  generation  of  genetically-encoded  cyclotide-based  libraries  containing  additional  chemical 
diversity  for  selection  on  novel  cyclotide-based  sequences  with  improved  biological  activity  (Manuscript  in 
preparation) 
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•  We  have  developed  a  protocol  for  phenotypic  sorting  of  E.  coli  cells  using  FACS  in  combination  with  the 
FRET-based  reporter  to  screen  for  RING-mediated  Hdm2-HdmX  interactions.  We  have  tested  the  protocol  to 
enrich  samples  from  1 :100  (FRET-OFF:FRET-ON)  to  100:1  (FRET-OFF:FRET-ON).  THis  can  be  done  in  just 
4  sorting  steps. 

•  Since  we  do  not  yet  have  any  rationally  engrafted  or  selected  cyclotides  and  small  chemical  compounds  that 
could  inhibit  Hdm2-Hdmx  RING  interaction,  we  used  other  well-studied  protein-protein  interactions,  i.e.,  p53- 
Hdm2  and  p53-Hdmx  to  perform  proof-of-principle  experiments.  Therefore,  we  have  developed  a  cyclotide 
(MCoTI-PMI)  able  to  antagonize  the  p53-Hdm2  and  p53-HdmX.  This  novel  cyclotide  was  biologically  active 
in  promoting  cytotoxicity  in  p53-wt  prostate  cancer  cell  lines  (LnCaP)  and  showed  low  toxicity  to  normal 
epithelial  cells.  The  cyclotide  MCoTI-PMI  was  fully  characterized  by  NMR  showing  a  well-folded  structure 
and  a  remarkable  estability  to  biological  degradation  in  human  serum  (Manuscript  in  preparation). 

•  Developed  mammalian  and  in-vitro  and  in-cell  based  Hdm2/Hmdx  RING  domain  interaction  BiLC  assay.  This 
work  was  performed  by  the  Wahl  group  under  a  subcontract  to  this  project. 


Reportable  outcomes 

Peer-reviewed  Publications  Submitted  and  Published: 

•  J.  J.  Contreras,  A.  Y.  O.  Elnagar,  S.  Hamm-Alvarez  and  J.  A.  Camarero  (2011)  Cellular  Uptake  of  cyclotide 
MCoTI-l  follows  multiple  endocytic  pathways,  J.  Control  Release,  1 15(2),  134-143  (Appendix:  paper  #1). 

•  A.  Gould,  Y.  Li,  T.  L.  Aboye  and  J.  A.  Camarero  (2011)  Cyclotides,  a  novel  ultrastable  polypeptide  scaffold 
for  drug  discovery,  Curr.  Pharm.  Des.,  17(38),  4294-4307  (Appendix:  paper  #2). 

•  A.  E.  Garcia,  K.  P.  Tai,  S.  S.  Puttamadappa,  A.  Shekhtman,  A.  J.  Ouellette  and  J.  A.  Camarero  (2011) 
Biosynthesis  and  antimicrobial  evaluation  of  backbone-cyclized  alpha-defensins,  Biochemistry,  50(48), 

1 0508-1 0519  (Appendix:  paper  #3). 

•  A.  Gould,  Y.  Li,  S.  Majumder,  A.  E.  Garcia,  P.  Carlsson,  A.  Shekhtman  and  J.  A.  Camarero  (2012) 
Recombinant  production  of  rhesus  0-defensin-1  (RTD-1)  using  a  bacterial  expression  system,  Mol.  Biosyst., 
8(4),  1359-1365  (Appendix:  paper  #4). 

•  T.  L.  Aboye,  Y.  Li,  S.  Majumder,  A.  Shekhtman  and  J.  A.  Camarero  (2012)  Efficient  one-pot 
cyclization/folding  of  Rhesus  0-defensin-1  (RTD-1),  Bioorg.  Med.  Chem.  Lett.,  DOI: 
10.1016/j.bmcl.2012.02.080(Apendix:  paper  #5). 

•  T.  L  Aboye  and  J.  A.  Camarero  (2012)  Biological  synthesis  of  circular  proteins,  J.  Biol.  Chem.,  accepted 
(Appendix:  paper  #6). 


Oral  presentations: 

•  _PepTalk  201 2.  Recombinant  Protein  Therapeutics:  Targeting  Protein/Protein  Interactions,  January  9-1 1 , 
2012,  San  Diego,  California. 

•  Invited  talk  to  201 1  ACS  43rd  Western  Regional  Meeting  Program:  Biomolecular  engineering  of  drug  carriers 
session,  November  10-12,  2011,  Pasadena,  California. 

•  Invited  talk  to  Bristol-Myers  Squibb:  Drug  Discovery  Seminar  Series,  October  25-26,  201 1,  Princeton,  New 
Jersey. 

•  Seventh  Annual  PEGS  (Protein  Engineering  Summit)  Conference,  Phage  and  Yeast  Display  of  Antibodies 
and  Proteins  Session,  May  9-13,  2011,  Boston. 

•  201 1  Spring  ACS  National  Meeting,  Division  of  Biological  Chemistry,  Invited  Lecture  to  the  Ralph  F. 
Hirschmann  Award  in  Peptide  Chemistry:  Symposium  in  Honor  of  David  J.  Craik,  March  28,  201 1 ,  Anaheim, 
California. 

•  University  of  Uppsala,  Invited  seminar  to  The  Svedberg  Lecture  Series,  March  24,  201 1 ,  Uppsala,  Sweden. 
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Reagents  developed  in  the  Wahl  group: 

•  Four  reporter  mammalian  cell  lines: 

1.  Saos-2  134-283:  p53-null;  Hdm2/Hdmx  RING  domain  BiLC  reporter  cell  line. 

2.  Saos-2  134-285:  p53-null;  Hdm2_C464A/Hmdx  RING  domain  BiLC  reporter  cell  line. 

3.  U20S  134-283:  p53-wt;  Hdm2/Hdmx  RING  domain  BiLC  reporter  cell  line. 

4.  U20S  134-285:  p53-wt;  Hdm2_C464A/Hmdx  RING  domain  BiLC  reporter  cell  line. 

Conclusion 

The  results  accomplished  during  the  2  year  of  the  proposal  are  extremely  encouraging.  We  have  shown  that 
protein  trans-splicing  can  be  used  for  efficient  production  cyclotides  in  living  cells  reaching  intracellular 
concentrations  up  to  7  pM,  and  more  importantly  allows  the  efficient  incorporation  of  unnatural  amino  acids 
(UAAs)  to  improve  the  chemical  diversity  of  the  biologically-generated  libraries  of  cyclotides  as  well  as  their 
pharmacological  properties.  For  example  the  inclusion  of  amino  acids  with  side-chains  containing  classical 
warheads  as  ketoamides,  boronates  and  hydroxamates,  which  are  absent  from  the  20  proteinogenic  amino  acids, 
should  help  in  screening  and  selection  of  cyclotides  with  more  effective  pharmacological  properties. 

We  have  developed  FRET-based  fluorescence  reporter  that  can  be  used  for  monitor  inhibition  of  the  RING- 
mediated  Hdm2/HdmX  interaction  inside  living  cells  using  high  throughput  cell-sorting  techniques.  During  the 
second  year  we  have  developed  a  FACS-based  protocol  to  screen  and  sort  cells  based  on  their  FRET-phenotype. 
For  example  we  have  enriched  in  just  4  sorting  steps  a  library  of  cells  (99:1  FRET-ON:FRET-OFF)  into  cells 
having  the  FRET-OFF  phenotype.  During  the  last  year  of  the  project  we  will  use  this  protocol  to  enrich  cyclotide- 
based  libraries  for  its  ability  to  antagonize  the  RING-mediated  Hdm2-HdmX  interaction. 

Since  we  do  not  yet  have  any  rationally  engrafted  or  selected  cyclotides  and  small  chemical  compounds  that 
could  inhibit  Hdm2-Hdmx  RING  interaction,  we  have  used  other  well-studied  protein-protein  interactions,  i.e.,  p53- 
Hdm2  and  p53-Hdmx  to  perform  proof-of-principle  experiments.  Hence,  we  have  developed  a  novel  cyclotide  able 
to  antagonize  the  p53-Hdm2  and  p53-HdmX  interaction  in  vitro  and  in-cell  based  experiments  using  a  panel  of 
different  prostate  cancer  cells  including  p53-wt  (LnCaP),  p53-mutated  (DU145)  and  p-53-null  (PC3)  as  well  a 
normal  epithelial  cells.  Importantly,  this  cyclotide  showed  activity  similar  to  the  small  molecule  p53-Hdm2 
antagonist  nutlin-3.  These  experiments  were  carried  out  in  the  Camarero  lab  and  will  be  also  used  to  evaluate  any 
cyclotide  selected  by  molecular  evolution  able  to  antagonize  the  Hdm2-HdmX  interaction  and  therefore  activate 
the  p53  pathway. 

The  Wahl  group  has  confirmed  these  results  by  using  an  in-house  developed  BiLC  system.  Unfortunately,  Dr. 
Wahl  has  discontinued  his  collaboration  due  to  a  conflict  of  interest.  During  the  3rd  year  of  the  project  the 
biological  activity  of  selected  cyclotides  will  be  tested  in  the  Camarero  Lab  as  described  earlier  for  the  cyclotide 
MCoTI-PMI. 

Altogether  these  results  validate  the  technologies  required  for  the  cell-based  selection  of  cyclotides  able  to 
antagonize  the  Hdm2-HdmX  interaction,  and  it  will  make  possible  to  carry  out  the  selection  of  new  cyclotides  able 
to  antagonize  this  RING-mediated  interaction  during  the  3rd  year  of  the  project. 
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Cyclotides  are  plant-derived  proteins  that  naturally  exhibit  various  biological  activities  and  whose  unique 
cyclic  structure  makes  them  remarkably  stable  and  resistant  to  denaturation  or  degradation.  These  attributes, 
among  others,  make  them  ideally  suited  for  use  as  drug  development  tools.  This  study  investigated  the 
cellular  uptake  of  cyclotide,  MCoTI-I  in  live  HeLa  cells.  Using  real  time  confocal  fluorescence  microscopy  im¬ 
aging,  we  show  that  MCoTI-I  is  readily  internalized  in  live  HeLa  cells  and  that  its  endocytosis  is  temperature- 
dependent.  Endocytosis  of  MCoTI-I  in  HeLa  cells  is  achieved  primarily  through  fluid-phase  endocytosis,  as 
evidenced  by  its  significant  colocalization  with  lOK-dextran,  but  also  through  other  pathways  as  well,  as  evi¬ 
denced  by  its  colocalization  with  markers  for  cholesterol-dependent  and  clathrin-mediated  endocytosis, 
cholera  toxin  B  and  EGF  respectively.  Uptake  does  not  appear  to  occur  only  via  macropinocytosis  as  inhibition 
of  this  pathway  by  Latrunculin  B-induced  disassembly  of  actin  filaments  did  not  affect  MCoTI-I  uptake  and 
treatment  with  EIPA  which  also  seemed  to  inhibit  other  pathways  collectively  inhibited  approximately  80% 
of  cellular  uptake.  As  well,  a  significant  amount  of  MCoTI-I  accumulates  in  late  endosomal  and  lysosomal 
compartments  and  MCoTI-I-containing  vesicles  continue  to  exhibit  directed  movements.  These  findings 
demonstrate  internalization  of  MCoTI-I  through  multiple  endocytic  pathways  that  are  dominant  in  the  cell 
type  investigated,  suggesting  that  this  cyclotide  has  ready  access  to  general  endosomal/lysosomal  pathways 
but  could  readily  be  re-targeted  to  specific  receptors  through  addition  of  targeting  ligands. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Cyclotides  are  fascinating  micro-proteins  ranging  from  28  to  37 
amino  acid  residues  that  are  naturally  expressed  in  plants  and  exhibit 
various  biological  activities  such  as  anti-microbial,  insecticidal,  cyto¬ 
toxic,  antiviral  (against  HIV),  and  protease  inhibitory  activity,  as 
well  as  exert  hormone-like  effects  [1-4].  They  share  a  unique  head- 
to-tail  circular  knotted  topology  of  three  disulfide  bridges,  with  one 
disulfide  penetrating  through  a  macrocycle  formed  by  the  other  two 
disulfides  and  inter-connecting  peptide  backbones,  forming  what  is 
called  a  cystine  knot  topology  (Fig.  1).  This  cyclic  cystine  knot  (CCK) 


Abbreviations:  Boc,  tert-butyloxy  carbonyl;  CCK,  cyclic  cystine  knot;  CPPs,  cell- 
penetrating  peptides;  CTX-B,  cholera  toxin  B;  DAST,  diethylaminosulfur  trfluoride;  DCM, 
dichloromethane;  lOK-Dex,  10,000  MW-dextran;  DIEA,  N,N-diisopropylethylamine;  DMF, 
dimethyl  formamide;  EGF,  epidermal  growth  factor;  EIPA,  5-(N-ethyl-N-isopropyl)amilor- 
ide;  ES-MS,  electrospray-mass  spectrometry;  Fmoc,  9-fluorenyloxy  carbonyl;  HBTU,  2- 
(lH-benzotriazol-l-yl)-l,l,3,3-tetramethyluronium  hexiluorophosphale;  HPLC,  high  per¬ 
formance  liquid  chromatography;  Lat  B,  latrunculin  B;  MCoTI,  Momordica  cochinchinensis 
trypsin  inhibitor;  NMP,  N-methyl-pyrrolidone;  NMR,  nuclear  magnetic  resonance;  RFP- 
Lampl,  Red  Fluorescent  Protein-lysosomal  associated  protein  1;  RP-HPLC,  reverse  phase- 
high  performance  liquid  chromatography;  TFA,  trifluoroacetic  acid;  T1S,  tri-isopropylsilane; 
TR,  Texas  Red;  Trt,  trityl. 
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framework  gives  the  cyclotides  exceptional  resistance  to  thermal 
and  chemical  denaturation,  and  enzymatic  degradation  [4,5].  In  fact, 
the  use  of  cyclotide-containing  plants  in  indigenous  medicine  first 
highlighted  the  fact  that  the  peptides  are  resistant  to  boiling  and  are 
apparently  orally  bioavailable  [6], 

Cyclotides  have  been  isolated  from  plants  in  the  Rubiaceae,  Viola- 
ceae,  Cucurbitacea  [4,7]  and  most  recently  Fabaceae  families  [8], 
Around  160  different  cyclotide  sequences  have  been  reported  in  the 
literature  [9,10],  although  it  has  been  estimated  that  «  50,000  cyclo¬ 
tides  might  exist  [11,12],  Despite  the  sequence  diversity,  all  cyclotides 
share  the  same  CCK  motif  (Fig.  1 ).  Hence,  these  micro-proteins  can  be 
considered  natural  combinatorial  peptide  libraries  structurally  con¬ 
strained  by  the  cystine-knot  scaffold  [2]  and  head-to-tail  cyclization, 
but  in  which  hypermutation  of  essentially  all  residues  is  permitted 
with  the  exception  of  the  strictly  conserved  cysteines  that  comprise 
the  knot. 

Cyclotides  are  ribosomally  produced  in  plants  from  precursors 
that  comprise  between  one  and  three  cyclotide  domains.  However, 
the  mechanism  of  excision  of  the  cyclotide  domains  and  ligation  of 
the  free  N-  and  C-termini  to  produce  the  circular  peptides  has  not 
been  completely  elucidated  yet.  It  is  suspected,  however,  that  specific 
aspariginyl  endopeptidases  are  involved  in  the  proteolytic  processing 
and  cyclization  of  the  precursor  proteins  [13-15].  Cyclotides  can  also 
be  produced  chemically  using  solid-phase  peptide  synthesis  in  com¬ 
bination  with  native  chemical  ligation  [16-19],  or  recombinantly  in 
bacteria  by  using  modified  protein  splicing  units  or  inteins  [20,21]. 
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Fig.  1.  Primary  and  tertiary  structures  of  MCoTI  and  kalata  cyclotides.  The  structures  of 
MCoTI-II  (pdb  ID:  1IB9  [26])  and  kalata  B1  (pdb  ID:  1NB1  [83])  are  shown.  Conserved 
cysteine  residues  and  disulfide  bonds  are  shown  in  yellow.  An  arrow  marks  residue 
Lys4  located  at  loop  1  in  MCoTl-cyclotides.  This  residue  in  MCoTI-I  was  used  for  the 
site-specific  conjugation  of  AlexaFluor488  N-hydroxysuccinimide  ester  (AF488-OSu) 
through  a  stable  amide  bond. 


The  latter  method  can  generate  folded  cyclotides  either  in  vivo  or 
in  vitro  using  standard  bacterial  expression  systems  [20-22]  and 
opens  the  possibility  of  producing  large  libraries  of  genetically 
encoded  cyclotides  which  can  be  analyzed  by  high  throughput  cell- 
based  screening  for  selection  of  specific  sequences  able  to  bind  to  par¬ 
ticular  biomolecular  targets  [21,23], 

Cyclotides  have  been  classified  into  three  main  subfamilies.  The 
Mobius  and  bracelet  cyclotide  subfamilies  differ  in  the  presence  or 
absence  of  a  cis-Pro  residue,  which  introduces  a  twist  in  the  circular 
backbone  topology  [24].  A  third  subfamily  comprises  the  cyclic  trypsin 
inhibitors  MCoTl-I/II  (Fig.  1 ),  which  have  been  recently  isolated  from 
the  dormant  seeds  of  Momordica  cochinchinensis,  a  plant  member 
of  the  cucurbitaceae  family,  and  are  powerful  trypsin  inhibitors 
(/C,«  20-30  pM)  [25],  These  cyclotides  do  not  share  significant  se¬ 
quence  homology  with  other  cyclotides  beyond  the  presence  of  the 
three-cystine  bridges,  but  structural  analysis  by  NMR  has  shown 
that  they  adopt  a  similar  backbone-cyclic  cystine-knot  topology 
[26,27],  MCoTI  cyclotides,  however,  show  high  sequence  homology 
with  related  linear  cystine-knot  squash  trypsin  inhibitors  [25],  and 
therefore  represent  interesting  molecular  scaffolds  for  drug  design 
[19,28-30],  Indeed,  acyclic  squash  inhibitors  have  already  been  used 
as  scaffolds  for  the  incorporation  of  novel  bioactive  peptides  to  render 
de-novo  engineered  knottins  with  novel  biological  activities  [31,32]. 

All  these  features  make  cyclotides  ideal  drug  development  tools 
[19,28-30].  They  are  remarkably  stable  due  to  the  cyclic  cystine 
knot  [33],  They  are  relatively  small,  making  them  readily  accessible 
to  chemical  synthesis  [16].  They  can  also  be  encoded  within  standard 
cloning  vectors,  and  expressed  in  cells  [20-22],  and  are  amenable  to 
substantial  sequence  variation  [34],  making  them  ideal  substrates 
for  molecular  grafting  of  biological  peptide  epitopes  [4].  They  are 
also  amenable  to  molecular  evolution  strategies  to  enable  generation 
and  selection  of  compounds  with  optimal  binding  and  inhibitory 
characteristics  [22,34],  Even  more  importantly,  MCoTl-cyclotides 
have  been  recently  shown  to  be  able  to  enter  human  macrophages 
and  breast  cancer  cell  lines  [35].  Internalization  into  macrophages 
was  shown  to  be  mediated  mainly  through  macropinocytosis,  a 


form  of  endocytosis  that  is  actin-mediated  and  results  in  formation 
of  large  vesicles  termed  macropinosomes  [36,37],  It  should  be 
noted,  however,  that  in  this  study  the  visualization  of  MCoTI-II  uptake 
was  done  in  fixed,  not  live,  cells.  Analysis  of  live  cells  provides  the 
ability  to  visualize  events  in  real  time  without  the  possible  complica¬ 
tion  of  fixation  artifacts  that  have  confounded  interpretations  of  the 
uptake  of  Tat  and  other  related  peptides  for  instance  [38,39].  As 
well,  macropinocytosis  is  a  dominant  mechanism  for  endocytic  up¬ 
take  in  macrophages  [40-42],  unlike  other  cells  that  are  not  special¬ 
ized  for  large-scale  sampling  of  extracellular  fluid,  and  which  use 
multiple  alternative  endocytic  mechanisms.  These  mechanisms  can 
include  clathrin-mediated  endocytosis,  caveolar  endocytosis,  macro¬ 
pinocytosis,  phagocytosis,  flotillin-dependent  endocytosis,  as  well  as 
multiple  other  as  yet  under-characterized  mechanisms  [43,44], 
Intrigued  by  these  results,  we  explored  the  cellular  uptake  of  site- 
specific  fluorescently-labeled  MCoTI-I  cyclotides  and  studied  the  cel¬ 
lular  uptake  mechanisms  in  HeLa  cells  using  live  cell  imaging  by  con- 
focal  fluorescence  microscopy. 

In  this  work  we  report  for  the  first  time  the  cellular  uptake  of 
MCoTl-cyclotides  monitored  by  real  time  confocal  fluorescence  mi¬ 
croscopy  imaging  in  live  HeLa  cells.  Our  results  clearly  show  that 
HeLa  cells  readily  internalize  fluorescently-labeled-MCoTI-I.  We 
found  that  this  process  is  temperature-dependent  and  can  be  re¬ 
versibly  inhibited  at  4  °C,  which  indicates  an  active  mechanism  of 
internalization.  The  internalized  cyclotide  also  seems  to  colocalize 
in  live  cells  with  multiple  endocytic  markers  including,  to  the 
greatest  extent,  the  fluid-phase  endocytic  marker  dextran  (lOKDa 
dextran,  lOK-Dex).  Internalized  MCoTI-I  was  colocalized  to  a  lesser 
extent  with  the  cholesterol/lipid  dependent  endocytic  marker  chol¬ 
era  toxin  B  (CTX-B)  and  the  clathrin-mediated  endocytic  marker, 
EGF.  Internalized  MCoTI-I  was  localized  within  a  fairly  rapid  time 
course  within  late  endosomal  and  lysosomal  compartments  which 
engaged  in  rapid  and  directed  movements  suggestive  of  cytoskele- 
tal  involvement.  MCoTI-I  uptake  in  HeLa  cells  was  not  impaired  by 
Latrunculin  B  (Lat  B)  although  its  uptake  was  approximately  80% 
inhibited  by  the  less  specific  macropinocytosis  inhibitor  EIPA.  Alto¬ 
gether,  these  data  seem  to  indicate  that  MCoTI-I  cyclotide  is  capa¬ 
ble  of  internalization  in  live  cells  through  multiple  endocytic 
pathways  that  may  be  dominant  in  the  particular  cell  type  under 
study  and  may  also  include  macropinocytosis.  The  lack  of  strong 
preference  for  MCoTI-I  internalization  via  a  specific  cellular  inter¬ 
nalization  pathway  is  of  significant  value  since  the  lack  of  endoge¬ 
nous  affinity  for  a  particular  pathway  can  enable  the  ready  re¬ 
targeting  by  introduction  of  targeting  peptides,  within  the  scaffold, 
that  may  enable  specific  and  targeted  endocytic  uptake  to  a  partic¬ 
ular  target  cell.  At  the  same  time,  the  ready  uptake  of  MCoTI-I  by 
multiple  pathways  suggests  accessibility,  in  the  untargeted  form, 
to  essentially  all  cells. 

2.  Materials  and  methods 

2.1.  Analytical  characterization  of  cyclotides 

Analytical  HPLC  was  performed  on  an  HP1100  series  instrument 
with  220  and  280  nm  detection  using  a  Vydac  Cl  8  column  (5  pm, 
4.6x150  mm)  at  a  flow  rate  of  1  mL/min.  Preparative  and  semi¬ 
preparative  HPLC  were  performed  on  a  Waters  Delta  Prep  system 
fitted  with  a  Waters  2487  UV-visible  detector  using  a  Vydac  Cl  8 
(15-20  tun,  10x250  mm)  at  a  flow  rate  of  5  mL/min.  All  runs  used 
linear  gradients  of  0.1%  aqueous  trifluoroacetic  acid  (TFA,  solvent  A) 
vs.  0.1%  TFA,  90%  acetonitrile  in  H20  (solvent  B).  Ultraviolet- visible 
(UV-vis)  spectroscopy  was  carried  out  on  an  Agilent  8453  diode 
array  spectrophotometer.  Electrospray  mass  spectrometry  (ES-MS) 
analysis  was  routinely  applied  to  all  compounds  and  components  of 
reaction  mixtures.  ES-MS  was  performed  on  an  Applied  Biosystems 
API  3000  triple  quadrupole  electrospray  mass  spectrometer  using 
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Analyst  1.4.2.  Calculated  masses  were  obtained  using  Analyst  1.4.2. 
All  chemicals  involved  in  synthesis  or  analysis  were  obtained  from 
Aldrich  (Milwaukee,  Wl)  or  Novabiochem  (San  Diego,  CA)  unless  oth¬ 
erwise  indicated. 

2.2.  Preparation  ofFmoc-Tyr(tBu)-F 

Fmoc-Tyr(tBu)-F  was  prepared  using  diethylaminosulfur  trifluor¬ 
ide  DAST  [45]  and  quickly  used  afterwards.  Briefly,  to  a  stirred 
solution  of  Fmoc-Tyr(tBu)-OH  (459.6  mg,  1  mmol)  10  mL  of  dry 
dichloromethane  (DCM),  containing  dry  pyridine  (800  pL,  1  mmol) 
and  (1.1  mL,  1.2  mmol)  DAST  was  added  dropwise  at  25  °C  under  ni¬ 
trogen  current.  After  20  min,  the  mixture  was  washed  with  ice-cold 
water  (3  x  20  mL).  The  organic  layer  was  separated  and  dried  over  an¬ 
hydrous  MgS04.  The  solvent  was  removed  under  reduced  pressure  to 
give  the  corresponding  Fmoc-amino  acyl  fluoride  as  white  solid  that 
was  used  immediately.  Amino  acid  fluorides  should  be  used  immedi¬ 
ately  as  they  are  extremely  unstable  and  prone  to  hydrolysis. 

2.3.  Loading  of  4-sulfamylbutyryl  AM  resin  with  Fmoc-Tyr(tBu)-F 

Loading  of  the  first  residue  was  accomplished  using  Fmoc-Tyr(tBu)- 
F  according  to  standard  protocols  [46].  Briefly,  4-sulfamylbutyryl  AM 
resin  (420  mg,  0.33  mmol)  (Novabiochem)  was  swollen  for  20  min 
with  dry  DCM  and  then  drained.  A  solution  of  Fmoc-Tyr(tBu)-F 
(«461  mg,  1  mmol)  in  dry  DCM  (2mL)  and  di-isopropylethylamine 
(D1EA)  (180  pL,  1  mmol)  was  added  to  the  drained  resin  and  reacted 
at  25  °C  for  1  h.  The  resin  was  washed  with  dry  DCM  (5x5  mL),  dried 
and  kept  at  —  20  °C  until  use. 

2.4.  Chemical  synthesis  ofMCoTI-I 

Solid-phase  synthesis  was  carried  out  on  an  automatic  peptide 
synthesizer  ABI433A  (Applied  Biosystems)  using  the  Fast-Fmoc 
chemistry  with  2-(lH-benzotriazol-l-yl)-l,l,3,3-tetramethyluronium 
hexafluorophosphate  (HBTU)  activation  protocol  at  0.1  mmol  scale 
on  a  Fmoc-Tyr(tBu)-sulfamylbutyryl  AM  resin.  Side-chain  protection 
was  employed  as  previously  described  for  the  synthesis  of  peptide 
a-thiesters  by  the  Fmoc-protocol  [47],  except  for  the  N-terminal  Cys 
residue,  which  was  introduced  as  Boc-Cys(Trt)-OH.  After  chain  assembly, 
the  alkylation,  thiolytic  cleavage  and  deprotection  were  performed 
as  previously  described  [48,49].  Briefly,  «  100  mg  of  protected  peptide 
resin  were  first  alkylated  two  times  with  ICH2CN  (174  pL,  2.4  mmol; 
previously  filtered  through  basic  silica)  and  DIEA  (82  pL,  0.46  mmol) 
in  N-methylpyrrolidone  (NMP)  (2.2  mL)  for  12  h.  The  resin  was  then 
washed  with  NMP  (3x5  mL)  and  DCM  (3x5  mL).  The  alkylated  pep¬ 
tide  resin  was  cleaved  with  HSCH2CH2C02Et  (200  pL,  1.8  mmol)  in 
the  presence  of  a  catalytic  amount  of  sodium  thiophenolate  (NaSPh, 
3  mg,  22pmol)  in  dimethylformamide  (DMF):DCM  (3:4  v/v,  1.4  mL) 
for  24  h.  The  resin  was  then  dried  at  reduced  pressure.  The  side-chain 
protecting  groups  were  removed  by  treating  the  dried  resin  with 
trifluoroacetic  acid  (TFA):H20:tri-isopropylsilane  (T1S)  (95:3:2  v/v, 
5  mL)  for  3-4  h  at  room  temperature.  The  resin  was  filtered  and 
the  linear  peptide  thioester  was  precipitated  in  cold  Et20.  The  crude 
material  was  dissolved  in  the  minimal  amount  of  H20:MeCN  (4:1) 
containing  0.1%  TFA  and  characterized  by  HPLC  and  ES-MS  as  the  de¬ 
sired  MCoTl-I  linear  precursor  a-thioester  [expected  mass  (average 
isotopic  composition)  =  3608.2  Da;  measured  =  3608.8  ±  0.3  Da].  Cycli- 
zation  and  folding  was  accomplished  by  flash  dilution  of  the  MCoTI-I 
linear  a-thioester  TFA  crude  to  a  final  concentration  of  «  50  pM  into 
freshly  degassed  2  mM  reduced  glutathione  (GSH),  50  mM  sodium 
phosphate  buffer  at  pH  7.5  for  18  h.  Folded  MCoTI-I  was  purified  by 
semi-preparative  HPLC  using  a  linear  gradient  of  10-35%  solvent  B 
over  30  min.  Pure  MCoTI-I  was  characterized  by  HPLC  and  ES-MS 
[expected  mass  (average  isotopic  composition)  =  3480.9  Da;  mea¬ 
sured  =  3481.0±0.4Da[. 


2.5.  Recombinant  expression  of  MCoTI-I 

Bacterial  expression  and  purification  of  MCoTI-I  was  carried  out 
as  previously  described  [22]. 

2.6.  Chemical  labeling  of  MCoTI  with  AlexaFluor488  succinimide  ester 
(AF488-NHS) 

MCoTI-I  was  site-specifically  labeled  through  the  e-amino  of  resi¬ 
due  Lys4  (Fig.l).  MCoTl-1  only  has  one  Lys  residue  in  its  sequence 
(Fig.  1).  Briefly,  MCoTl-1  (5  mg,  1.4pmol)  was  conjugated  with  two¬ 
fold  molar  excess  of  AF488-MHS  in  0.2  M  sodium  phosphate  buffer 
(2.5  mL)  at  pH  7.5  for  2  h.  The  reaction  was  quenched  with  6  mM 
NH2-OH  solution  at  pH  4.  AF488-labeled  MCoTI-1  was  purified  by 
semi-preparative  HPLC  using  a  linear  gradient  of  15-35%  solvent  B 
over  30  min.  Pure  labeled  MCoTl-1  was  characterized  by  HPLC  and 
ES-MS  [expected  mass  (average  isotopic  composition)  =  3997.9  Da; 
measured  =  3997.4  ±  0.3  Da]. 

2.7.  Purification  of  synthetic  MCoTI-I  using  trypsin-Sepharose  beads 

Preparation  of  trypsin-Sepharose  beads  was  done  as  previously 
described  [21-23],  Pull  down  experiments  with  synthetic  MCoTl-1 
were  performed  as  follows:  synthetic  MCoTI-1  cyclization/folding 
crude  reactions  were  typically  incubated  with  0.2  mL  of  trypsin- 
Sepharose  for  one  hour  at  room  temperature  with  gentle  rocking, 
and  centrifuged  at  3000  rpm  for  1  min.  The  beads  were  washed 
with  50  volumes  of  PBS  containing  0.1%  Triton  X-100,  then  rinsed 
with  50  volumes  of  PBS,  and  drained  of  excess  PBS.  Bound  MCoTI-I 
was  eluted  with  0.4  mL  of  8  M  GdmCl  and  fractions  were  analyzed 
by  RP-HPLC  and  ES-MS. 

2.8.  Endocytosis  experiments 

For  studies  of  endocytic  uptake  mechanisms,  methyl-[3- 
cyclodextrin  (MBCD)  and  5-(N-ethyl-N-isopropyl)amiloride  (EIPA) 
were  purchased  from  Sigma-Aldrich.  Latrunculin  B  (Lat  B)  was  pur¬ 
chased  from  Calbiochem.  Texas  Red-EGF  (TR-EGF),  LysoTracker™ 
Red  DN-99  (LysoRed),  AF594  cholera  toxin  B  (AF594  CTX-B),  Texas 
Red  10,000  MW  dextran  (TR-10K  Dex)  and  CellLight™  Lysosomes- 
RFP  (RFP-Lampl),  rhodamine-phalloidin,  and  DAPI  were  all  pur¬ 
chased  from  Invitrogen  (Carlsbad,  CA). 

2.9.  Cell  culture 

HeLa  cells  were  obtained  from  the  American  Type  Culture  Collec¬ 
tion  (ATCC)  and  were  cultured  in  a  humidified  incubator  at  37  °C  in 
95%  air/5%  C02  in  phenol  red-free  Dulbecco's  modified  essential  me¬ 
dium  (DMEM)(4.5  g/L  glucose  with  10%  FBS,  1%  glutamine,  and  1% 
non-essential  amino  acids)  and  split  with  trypsin/EDTA  as  recom¬ 
mended  by  the  manufacturer. 

2.10.  Confocal  fluorescence  microscopy 

For  MCoTI-I  uptake  studies,  HeLa  cells  were  seeded  on  35  mm 
glass-bottom  culture  dishes  (MatTek,  Ashland,  MA)  at  a  density  of 
8.5  xlO4  cells/dish.  On  day  2  of  culture,  the  cells  were  rinsed 
with  PBS  and  the  media  replaced  with  incubation  buffer  (phenol 
red-free,  serum-free  DMEM  with  1%  P/S  and  20  mM  HEPES)  prior 
to  addition  of  AF488-MCoTI-I  (25  pM)  and  incubation  at  37  °C  for 
1  h.  Following  this  time,  excess  MCoTI-1  was  rinsed  off  with  a  gen¬ 
tle  PBS  wash  and  the  media  replaced  prior  to  imaging.  Intracellular 
distribution  was  analyzed  at  1  h  and  again  at  regular  intervals  for 
up  to  10  h.  For  assessment  of  distribution  and  colocalization  of 
AF488-MCoTI-l  and  LysoTracker™  Red,  RFP-Lampl,  AF594-Cholera 
toxin  B,  TR-10K  Dex,  or  TR-EGF  in  live  cells,  we  utilized  a  Zeiss 
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LSM  510  Meta  NLO  imaging  system  equipped  with  Argon  and  HeNe 
lasers  and  mounted  on  a  vibration-free  table  for  confocal  fluores¬ 
cence  microscopy.  For  analysis  of  the  effects  of  Lat  B  or  EIPA  pre¬ 
treatment,  2  pM  Lat  B  or  50  pM  EIPA  was  added  for  30  min  at 
37  °C  prior  to  addition  of  AF488-MCoTI-E  For  colocalization  studies, 
LysoTracker™  Red  (50  nM),  AF594-Cholera  toxin  B  (10  pg/mL),  TR- 
10K  Dex  (1  mg/mL),  or  TR-EGF  (400  ng/mL)  was  added  to  cells 
simultaneously  with  MCoTl-I  prior  to  incubation  at  37  °C.  Analysis 
of  the  extent  of  colocalization  was  done  at  1  h  of  uptake.  For  colo¬ 
calization  with  RFP-Lampl,  cells  were  treated  with  RFP-Lampl- 
expressing  BacMam  (2xl07  particles/plate)  on  the  previous  day. 
For  temperature-dependent  uptake  studies,  cells  were  cooled  on 
ice  for  30  min  prior  to  the  addition  of  AF488-MCoTl-l  in  incubation 
buffer.  After  incubation  at  4  °C  for  30  min,  the  cells  were  imaged 
and  subsequently  incubated  at  37  °C  for  1  h  before  imaging 
again.  For  fixation  and  visualization  of  actin  filaments  following 
treatment  with  or  without  2  pM  Lat  B,  the  cells  were  fixed  with 
4%  paraformaldehyde  prior  to  the  addition  of  rhodamine-phalloidin 
and  DAPI.  For  analysis  of  fluorescent  pixel  colocalization,  cells  from 
at  least  3  different  experiments  were  analyzed  individually.  Using 
the  Zeiss  LSM  510  software  colocalization  tool,  regions  of  interest 
(ROI)  were  selected  and  marked  with  an  overlay  to  encompass 
all  pixels,  following  the  Zeiss  manual  protocol.  The  threshold  was 
automatically  set  from  these  ROIs.  For  time-lapse  imaging,  cells 
were  incubated  with  25  pM  AF488-MCoTI-I  for  1  h  at  37  °C.  Follow¬ 
ing  this  time,  excess  MCoTI-I  was  rinsed  off  with  a  gentle  PBS  wash 
and  the  media  replaced  prior  to  imaging.  The  time  series  image 
capture  was  set  to  a  2.5  second  delay  between  scans. 

3.  Results  and  discussion 

In  order  to  study  the  cellular  uptake  of  MCoTl-cyclotides,  we  de¬ 
cided  to  use  MCoTI-1.  MCoTI-I  contains  only  one  Lys  residue  located 
in  loop  1  versus  MCoTI-II,  which  contains  three  Lys  residues  in 
the  same  loop  (Fig.  1).  The  presence  of  only  one  Lys  residue  facili¬ 
tates  the  site-specific  introduction  of  a  unique  fluorophore  on  the 
sequence,  thus  minimizing  any  affect  that  the  introduction  of  this 
group  may  have  on  the  cellular  uptake  properties  of  the  cyclotide. 

Folded  MCoTI-1  cyclotide  was  produced  either  by  recombinant  or 
synthetic  methods.  In  both  cases  the  backbone  cyclization  was  per¬ 
formed  by  an  intramolecular  native  chemical  ligation  (NCL)  [50-53] 
using  the  native  Cys  located  on  the  beginning  of  loop  6  to  facilitate 
the  cyclization.  This  ligation  site  has  been  shown  to  give  very  good 
cyclization  yields  [21,22].  Intramolecular  NCL  requires  the  presence 
of  an  N-terminal  Cys  residue  and  C-terminal  a-thioester  group  in 
the  same  linear  precursor  [52,54],  In  the  biosynthetic  approach,  the 
MCoTI-I  linear  precursor  was  fused  in  frame  at  the  C-  and  N-terminus 
to  a  modified  Mxe  Gyrase  A  intein  and  a  Met  residue,  respectively, 
and  expressed  in  Escherichia  coli  [23].  This  allows  the  generation 
of  the  required  C-terminal  thioester  and  N-terminal  Cys  residue 
after  in  vivo  processing  by  endogenous  Met  aminopeptidase  (MAP) 
[20,55],  Cyclization  and  folding  can  be  accomplished  very  efficiently 
in  vitro  by  incubating  the  MCoTI-I  intein  fusion  construct  in  sodium 
phosphate  buffer  at  pH  7.4  in  the  presence  of  reduced  glutathione 
(GSH).  Biosynthetic  MCoTl-cyclotides  generated  this  way  have  been 
shown  to  adopt  a  native  folded  structure  by  NMR  and  trypsin  inhibi¬ 
tory  assays  [20,22,33]. 

Natively  folded  MCoTI-II  has  been  already  successfully  produced 
using  Fmoc-based  solid-phase  peptide  synthesis  [18,19].  Encour¬ 
aged  by  these  results  we  also  explored  the  production  of  MCoTI-I 
by  chemical  synthesis  (Fig.  2).  For  this  purpose  the  MCoTI-I  linear 
precursor  a-thioester  was  assembled  by  Fmoc-based  solid-phase 
peptide  synthesis  on  a  sulfonamide  resin  [48,49]  (Fig.  2A).  Activa¬ 
tion  of  the  sulfonamide  linker  with  iodoacetonitrile,  followed  by 
cleavage  with  ethyl  mercaptoacetate  and  acidolytic  deprotection 
with  TFA,  provided  the  fully  protected  linear  peptide  a-thioester 
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Fig.  2.  Chemical  synthesis  of  MCoTI-I.  (A)  Synthetic  scheme  used  for  the  chemical  syn¬ 
thesis  of  cyclotide  MCoTI-I  by  Fmoc-based  solid-phase  peptide  synthesis.  (B)  Analytical 
reverse-phase  HPLC  traces  of  MCoTI-I  linear  precursor  a-thioester,  cyclization/folding 
crude  and  purified  MCoTI-I  by  either  affinity  chromatograpgy  using  trypsin-immobi¬ 
lized  Sepharose  beads  or  semipreparative  reverse-phase  HPLC.  HPLC  analysis  was  per¬ 
formed  in  all  the  cases  using  a  linear  gradient  of  0%  to  70%  buffer  B  over  30  min. 
Detection  was  carried  out  at  220  nm.  An  arrow  indicates  the  desired  product  in  each 
case. 


(Fig.  2B).  The  synthetic  linear  precursor  thioester  was  then  effi¬ 
ciently  cyclized  and  folded  in  a  one-pot  reaction  using  sodium 
phosphate  buffer  at  pH  7.5  in  the  presence  of  2  mM  GSH.  The  reac¬ 
tion  was  complete  in  18  h  and  the  folded  product  was  purified  by 
reverse-phase  HPLC  and  characterized  by  ES-MS.  The  expected 
mass  for  folded  MCoTI-I  was  in  agreement  with  a  folded  structure 
(expected  mass  =  3480.9  Da;  measured  =  3481.0  ±0.4  Da).  Syn¬ 
thetic  folded  MCoTI-II  was  also  shown  to  co-elute  by  HPLC  with  re¬ 
combinant  natively  folded  MCoTI-I  (data  not  shown).  The 
biological  activity  of  synthetic  MCoTI-I  was  assayed  by  using  a 
trypsin  pull-down  experiment  [22,23],  As  shown  in  Fig.  2B,  syn¬ 
thetic  folded  MCoTI-I  was  specifically  captured  from  a  cyclization/ 
folding  crude  reaction  by  trypsin-immobilized  Sepharose  beads 
[21-23],  thus  indicating  that  it  adopted  a  native  cyclotide  fold. 

Purified  MCoTI-I  was  site-specifically  labeled  with  AlexaFluor488 
(AF488)  for  live  confocal  imaging.  The  E-amino  group  of  Lys4  residue 
located  in  loop  1  was  conjugated  to  AF488-NHS  in  sodium  phosphate 
buffer  at  pH  7.5  for  2  h  (Fig.  3A).  Under  these  conditions,  the  main 
product  of  the  reaction  was  mono-labeled  AF488-MCoTI  as  character¬ 
ized  by  HPLC  and  ES-MS  (expected  average  mass  =  3997.9  Da;  mea¬ 
sured  =3997.4  ±0.3  Da)  (Fig.  3C).  AF488-labeled  MCoTI-I  was  then 
purified  by  reverse-phase  HPLC  to  remove  any  trace  of  unreacted 
materials  (Fig.  3B). 

In  order  to  infer  the  correct  conclusions  regarding  data  obtained 
on  the  cellular  uptake  of  native  MCoTI-I  when  using  modified 
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Fig.  3.  Site-specific  labeling  of  MCoTI-1  with  AlexaFluor488  N-hydroxysuccinimide 
ester  (AF488-OSu).  (A)  Scheme  depicting  the  bioconjugation  process  and  localization 
of  the  fluorescent  probe  at  residue  Lys4  in  loop  1.  (B)  Analytical  reverse-phase  FIPLC 
trace  of  pure  AF488-MCoTI-l.  HPLC  analysis  was  performed  using  a  linear  gradient  of 
0%  to  70%  buffer  B  over  30  min.  Detection  was  carried  at  220  nm.  (C)  ES-MS  spectra 
of  pure  AF488-MCOTI-1. 


cyclotides,  like  AF488-MCoTI-l  for  example,  it  is  critical  to  be  sure 
that  they  still  adopt  structures  similar  to  that  of  the  native  form. 
MCoTl-cyclotides  are  extremely  stable  to  chemical  and  thermal  de- 
naturation,  and  they  have  been  shown  to  be  able  to  withstand  pro¬ 
cedures  like  reverse-phase  chromatography  in  the  presence  of 
organic  solvents  under  acidic  conditions  without  affecting  their  ter¬ 
tiary  structure  [16,18-21,33],  It  is  also  unlikely  that  the  acylation  of 
the  e-amino  group  of  Lys4  in  MCoTI-I  may  disrupt  the  tertiary  struc¬ 
ture  of  this  cyclotide.  Craik  and  co-workers  have  previously  shown 
that  biotinylation  of  the  three  Lys  residues  located  in  loop  1  in 
MCoTl-II,  including  Lys4  (Fig.  1)  does  not  disrupt  the  native  cyclotide 
fold  of  this  cyclotide  as  determined  by  ’H-NMR  [35],  We  have  also 
recently  shown  that  mutation  of  residue  Lys4  by  Ala  does  not  seem 
to  affect  the  ability  of  this  mutant  to  adopt  a  native  cyclotide  fold, 
thus  indicating  that  the  presence  of  positive  charge  residue  in  this 
position  is  not  critical  for  the  tertiary  structure  of  MCoTl-I  [22].  Sim¬ 
ilar  findings  have  also  been  shown  by  Leatherbarrow  and  coworkers, 
where  mutation  of  this  residue  by  Phe  or  Val,  rendered  MCoTl- 
cyclotides  able  to  fold  correctly  and  have  inhibitory  activity  against 
chymotrypsin  and  human  elastase,  respectively  [19].  Altogether 
these  facts  suggest  that  residue  Lys4  is  not  critical  for  adopting  the 
native  cyclotide  fold  or  disturbing  the  tertiary  structure  of  MCoTl- 
cyclotides. 

To  study  the  cellular  uptake  of  AF488-MCoTl-l  we  used  HeLa  cells. 
The  internalization  studies  were  all  carried  out  with  25  pM  AF488- 
MCoTl-I.  This  concentration  provided  a  good  signal/noise  ratio  for 
live  cell  confocal  fluorescence  microscopy  studies  and  did  not  show 
any  cytotoxic  effect.  This  is  in  agreement  with  the  cellular  tolerance 
of  wild-type  and  biotinylated  MCoTI-11  reported  for  other  types  of 
human  cell  lines  [35],  First,  we  analyzed  the  time  course  of  changes 
in  cellular  distribution  following  uptake  of  25  pM  AF488-MCoTl-I  by 
incubating  with  the  cyclotide  for  1  h  and  then  analyzing  its  distribu¬ 
tion  after  1,  2, 4,  8  and  10  h.  As  shown  in  Fig.  4,  the  internalized  cyclo¬ 
tide  was  clearly  visible  within  perinuclear  punctate  spots  inside  the 
cells  after  1  h  incubation.  Observation  of  cells  pulsed  with  AF488- 
MCoTI-I  for  1  h  and  then  incubated  for  longer  periods  of  time  in  the 
absence  of  cyclotide  did  not  show  any  evidence  for  decreased  intra¬ 
cellular  fluorescence,  while  the  largely  perinuclear  distribution  of  in¬ 
ternalized  MCoTl-I  appeared  comparable  at  all  time  points.  Similar 
results  have  been  also  been  recently  reported  on  the  internalization 
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Fig.  4.  MCoTI-I  distribution  in  HeLa  cells.  HeLa  cells  were  incubated  with  25  pM  MCoTl- 
1  for  1  h,  followed  by  removal  with  gentle  rinsing  in  PBS,  and  then  monitored  for  distri¬ 
bution  of  intracellular  fluorescence  at  intervals  from  1  to  10  h  using  confocal  fluores¬ 
cence  microscopy.  Bar  =10  pm. 


of  biotinylated  MCoTl-II  in  macrophage  and  breast  cancer  cell  lines 
[35],  these  studies  however,  used  fixed  cells  to  visualize  the  internal¬ 
ized  cyclotide. 

In  order  to  study  the  mechanism  of  internalization  of  AF488- 
MCoTI-1  in  live  HeLa  cells,  we  first  explored  the  effect  of  temperature 
on  the  uptake  process.  Active  and  energy-dependent  endocytic  mech¬ 
anisms  of  internalization  are  inhibited  at  4  °C  [56].  The  internalization 
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of  AF488-MCoTI-I  was  totally  inhibited  after  a  1  h  incubation  at  4  °C 
(Fig.  5).  This  inhibition  was  completely  reversible  and  when  the 
same  cells  were  incubated  again  at  37  °C  for  1  h,  the  punctate  intra¬ 
cellular  fluorescence  labeling  pattern  was  restored.  This  result  con¬ 
firmed  that  the  uptake  of  AF488-MCoTl-I  in  HeLa  cells  follows  a 
temperature  dependent  active  endocytic  internalization  pathway.  It 
should  be  noted  that  no  significant  surface  binding  was  detected  at 
4  °C,  suggesting  that  MCoTI-I  does  not  bind  a  surface  receptor,  even 
nonspecifically.  This  is  in  agreement  with  studies  on  the  MCoTI-II  in 
fixed  cells,  so  both  the  MCoTl-I  and  MCoTI-II  appear  to  lack  specific 
affinity  for  proteins  or  lipids  in  cell  membranes,  unlike  the  kalata  B1 
cyclotide  which  shows  membrane  affinity  [35],  This  lack  of  endoge¬ 
nous  affinity  for  a  specific  surface  receptor  or  membrane  constituent 
makes  MCoTI-1  ideal  for  engineering  using  more  specific,  receptor- 
directed,  peptide-based,  internalization  motifs,  within  the  scaffold, 
that  might  enable  members  of  this  family  to  have  enhanced  targeting 
to  a  specific  cell  type. 

Next,  we  investigated  the  internalization  pathway  used  by 
labeled-MCoTI-1  to  enter  HeLa  cells.  There  are  several  known  and 
well-characterized  mechanisms  of  endocytosis  [57].  It  is  also  now 
well  established  that  almost  all  cell-penetrating  peptides  (CPPs)  use 
a  combination  of  different  endocytic  pathways  rather  than  a  single 
endocytic  mechanism  [57],  A  recent  study  showed  that  several  CPPs 
(including  Antennapedia/penetratin,  nona-Arg  and  Tat  peptides) 
can  be  internalized  into  cells  by  multiple  endocytic  pathways  includ¬ 
ing  macropinocytosis,  clathrin-mediated  endocytosis,  and  caveolae/ 
lipid  raft  mediated  endocytosis  [58],  To  investigate  if  that  was  the 
case  with  the  internalization  of  AF488-MCoTl-I  in  HeLa  cells,  we  de¬ 
cided  to  look  at  its  colocalization  with  various  endocytic  markers 
(Fig.  6).  lOK-Dex  has  previously  been  used  as  a  marker  of  fluid- 
phase  endocytosis  [36,59-61  ].  CTX-B  has  been  used  as  a  marker  for 
various  lipid-dependent  endocytic  pathways  [44,62],  while  EGF  has 
traditionally  been  a  marker  of  clathrin-mediated  endocytosis  [63— 
65],  As  shown  in  Fig.  6,  colocalization  studies  showed  that  after 
1  h,  AF488-MCoTI-l  fluorescence  was  significantly  colocalized  with 
the  fluorescence  associated  with  lOK-Dex  (59  ±4%  of  total  cyclotide 
fluorescence  pixels  were  colocalized  with  lOK-Dex  fluorescence 
pixels).  Less  colocalization  was  observed  with  fluorescent  CTX-B 
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Fig.  5.  Endocytosis  of  MCoTI-I  is  temperature-dependent.  HeLa  cells  were  incubated 
with  25  pM  MCoTI-I  for  1  h  at  4  °C.  After  removal  of  the  MCoTl-I-containing  media, 
and  a  gentle  PBS  wash,  the  cells  were  imaged.  Following  imaging,  the  MCoTI-I- 
containing  media  were  replaced  and  the  cells  were  incubated  at  37  °C  for  1  h  and  im¬ 
aged  again.  Bar=  10  pm. 


Fig.  6.  Colocalization  of  MCoTl-1  with  markers  of  endocytosis.  (A)  HeLa  cells  were  incu¬ 
bated  with  25  pM  MCoTI-1  and  either  1  mg/mL  lOK-dextran  (lOK-Dex),  1 0  pg/mL chol¬ 
era  toxin  B  (CTX-B),  or  400  ng/rnL  epidermal  growth  factor  (EGF)  for  1  h  at  37  °C  as 
described  in  Materials  and  methods  and  then  imaged.  Bar  =  10  pm.  (B)  Quantification 
of  pixel  colocalization  was  done  using  the  Zeiss  LSM  software  for  image  analysis  and 
measures  the  X  of  total  fluorescent  AF488  MCoTI-1  pixels  in  the  ROl  relative  to  red 
pixels  associated  with  different  endocytic  markers.  (n  =  13  cells  for  lOK-Dex,  n  =  ll 
cells  for  CTX-B  and  n  =  10  cells  for  EGF,  with  cells  assessed  across  3  different  experi¬ 
ments,  *  p<0.05  relative  to  lOK-Dex,  #  p< 0.05  relative  to  CTX-B). 


(39  ±4%)  and  fluorescent  EGF  (21  ±2%).  This  data  seems  to  suggest 
that  AF488-MCoTI-l  is  primarily  entering  cells  through  fluid- 
phase  endocytosis.  The  observed  traces  of  colocalization  with  CTX-B 
and  EGF  also  suggest  that  AF488-MCoTI-l  could  be  using  alterna¬ 
tive  or  additional  endocytic  pathways.  The  colocalization  results 
could  also  be  attributed,  however,  to  the  merging  of  endosomal 
uptake  vesicles  generated  by  different  pathways  at  the  level  of  an 
early  endosome.  To  address  whether  the  major  uptake  and  colocaliza¬ 
tion  of  AF488-MCoTl-l  with  lOK-Dex  was  due  to  cointernalization 
by  macropinocytosis,  we  explored  the  inhibition  of  AF488-MCoTI-I 
uptake  by  Lat  B,  a  potent  inhibitor  of  actin  polymerization,  which  is 
an  essential  element  of  macropinocytosis  [66-69].  As  shown  in 
Fig.  7,  Lat  B  did  not  significantly  inhibit  uptake  of  AF488-MCoTI-l 
(Fig.  7A)  nor  of  lOK-Dex  (data  not  shown).  Treatment  of  HeLa 
cells  with  this  agent  resulted  in  a  total  disruption  of  the  actin  filament 
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Fig.  7.  Disruption  of  actin  does  not  inhibit  MCoTl-I  uptake.  (A)  HeLa  cells  were 
untreated  (control)  or  treated  with  Lat  B  (2  pM)  for  30  min  at  37  °C  prior  to  addition 
of  25  pM  MCoTl-I.  Following  uptake  for  1  h  at  37  °C,  the  cells  were  imaged  using  confo- 
cal  fluorescence  microscopy.  Bar=  10  pm.  (B)  HeLa  cells  without  treatment  (control) 
or  treated  with  2  pM  Lat  B  for  30  min  at  37  °C  were  fixed  and  labeled  with  rhodamine- 
phalloidin  to  label  actin  (red)  and  DAPI  to  label  nuclei  (blue).  Bar  =  10pm. 


network  (Fig.  7B).  We  also  explored  the  inhibition  of  AF488-MCoTI-I 
uptake  by  5-N-ethyl-N-isopropyl  amiloride  (EIPA).  EIPA  is  a  potent 
and  specific  inhibitor  of  the  Na+/H+  exchanger,  whose  activity  is  im¬ 
portant  for  macropinosome  formation  [70].  Treatment  of  HeLa 
cells  with  50  pM  EIPA  significantly  inhibited  the  uptake  of  both 
AF488-MCoTI-l  («80%)  and  10K-Dex  (Supplemental  Fig.  1).  The 
same  treatment  had  no  or  little  effect  on  the  uptake  of  EGF  (data 
not  shown),  but  did  significantly  inhibit  uptake  of  CTX-B  (Supple¬ 
mental  Fig.  1 ),  suggesting  that  at  the  concentration  used,  EIPA  is  affect¬ 
ing  multiple  endocytic  mechanisms  in  these  HeLa  cells  beyond  simply 
macropinocytosis. 

As  an  extension  of  these  inhibition  studies,  cells  were  also  treated 
with  MBCD,  a  well-established  cholesterol-depleting  agent  employed 
for  studying  the  involvement  of  lipid  rafts/caveolae  in  endocytosis 
[71,72].  Preliminary  studies  with  MBCD  suggested  no  significant  inhi¬ 
bition  of  AF488-MCoTl-I  (data  not  shown).  Since  the  extent  of  total 
colocalization  of  AF488-MCoTl-I  with  CTX-B  was  less  than  40%,  it  is 
unsurprising  that  no  marked  effect  was  seen  by  live  cell  microscopy. 
Taken  together,  these  results  seem  to  suggest  that  the  uptake  of 
AF488-MCoTI-l  in  HeLa  cells  is  following  multiple  endocytic  path¬ 
ways,  which  is  in  agreement  with  what  has  been  recently  reported 
for  different  CPPs  [58]. 

Next  we  explored  the  fate  of  the  endocytic  vesicles  containing 
labeled  MCoTl-1.  There  are  at  least  two  pathways  that  involve  the 


cellular  trafficking  of  endosomal  vesicles.  The  degradative  pathway 
includes  routing  of  internalized  materials  from  early  endosomes 
via  late  endosomes  to  lysosomes  where  degradation  of  internalized 
materials  occurs  within  the  cells.  On  the  other  hand,  recycling 
endosomes  sort  material  internalized  into  early  endosomes  and 
are  responsible  for  effluxing  internalized  material  back  to  the  cellu¬ 
lar  membrane  [73],  If  labeled-MCoTl-I  was  localized  in  recycling 
endosomes,  it  would  be  expected  that  its  concentration  in  the  cell 
would  decrease  and/or  accumulate  on  the  membrane  over  time, 
which  was  not  the  case  in  the  time  course  experiment  following 
the  cellular  fate  of  internalized  cyclotide  (Fig.  4).  To  explore  the 
potential  localization  of  labeled-MCoTI-I  in  lysosomes  we  first 
used  LysoTracker  Red  (LysoRed).  This  pH  sensitive  fluorescent 
probe  is  utilized  for  identifying  acidic  organelles,  such  as  lysosomes 
and  late  endosomes,  in  live  cells.  As  shown  in  Fig.  8A,  significant 
colocalization  (60  ±4.0%  as  determined  by  pixel  colocalization 
analysis)  of  LysoRed  and  AF488-MCoTI-l  was  observed  after  treat¬ 
ing  the  cells  for  1  h  with  both  agents.  As  an  extension  of  these 
experiments,  we  also  investigated  the  colocalization  of  labeled- 
MCoTI-1  and  lysosomal-associated  membrane  protein  1  (Lampl), 
an  established  mature  lysosomal  marker  [74,75].  For  this  experi¬ 
ment,  live  HeLa  cells  were  first  infected  with  a  Red  Fluorescent  Pro¬ 
tein  (RFP)-Lampl-expressing  BacMam  virus.  The  next  day  the  cells 
were  incubated  with  AF488-MCoTI-l  for  1  h  and  imaged.  As  shown 
in  Fig.  8B,  colocalization  was  also  seen  for  AF488-MCoTI-l  and  RFP- 
Lampl  (38  ±  5%,  as  determined  by  pixel  colocalization  analysis), 
suggesting  that  even  after  1  h,  significant  MCoTI-I  has  already 
reached  the  lysosomal  compartments.  Our  data  suggest  that  after 
1  h,  a  significant  amount  of  MCoTI-1  («40%)  has  trafficked  through 
the  endosomal  pathway  to  the  lysosomes  and  that  «  20%  is  already 
localized  in  late  endosomes  or  other  types  of  acidic  organelles.  It 
has  previously  been  reported  that  the  perinuclear  steady-state  dis¬ 
tribution  of  lysosomes  is  a  balance  between  movement  on  microtu¬ 
bules  and  actin  filaments  [76-78].  Likewise,  movement  from  early 
endosomal  compartments  to  late  endosomes  to  lysosomes  has 
also  been  shown  to  rely  on  the  microtubule  network  [79,80].  As 
an  extension  of  these  experiments,  and  to  investigate  whether 
MCoTI-l-containing  vesicles  were  actively  trafficking  inside  the 
cell,  we  captured  time-lapse  video  of  cells  after  incubation  with 
MCoTl-1  for  1  h.  Indeed,  the  time-lapse  capture  showed  active 
movements  of  MCoTI-I-containing  vesicles  (Fig.  9).  Directed 
short-  and  long-range  movements  could  be  seen,  characteristic  of 
movement  on  cytoskeletal  filaments.  These  results  suggest  that 
while  a  large  portion  of  MCoTI-1  has  reached  lysosomal  compart¬ 
ments  by  1  h,  and  some  of  the  movements  seen  may  be  attributed 
to  the  steady-state  distribution  of  lysosomes,  the  remaining  cyclo¬ 
tide  may  still  be  trafficking  through  the  cell  from  other  membrane 
compartments,  likely  within  late  endosomes. 

Craik  and  co-workers  have  recently  reported  the  uptake  of 
biotinylated-MCoTl-11  by  human  macrophages  and  breast  cancer  cell 
lines  [35],  This  work  concluded  that  the  uptake  of  MCoTI-II  in  macro¬ 
phages  is  mediated  by  macropinocytosis  and  that  the  cyclotide  accu¬ 
mulates  in  macropinosomes  without  trafficking  to  the  lysosome. 
MCoTI-II  shares  high  homology  with  MCoTl-I  («97%  homology,  see 
Fig.  1)  and  similar  biological  activity.  Despite  their  similarities,  the 
differences  in  the  cellular  uptake  and  trafficking  of  MCoTI-cyclotides 
by  macrophages  versus  HeLa  cells  could  be  attributed  to  the  cellular 
differences  in  endocytic  preferences  for  these  two  very  different  cell 
types.  Macrophage  cells  are  specialized  in  large  scale  sampling  of 
extracellular  fluid  using  macropinocytosis  as  the  dominant  endocytic 
pathway.  Meanwhile,  other  types  of  cells  may  employ  multiple 
endocytic  pathways  as  has  been  recently  shown  for  the  uptake  of  dif¬ 
ferent  CPPs  in  HeLa  cells  [58], 

At  this  point  we  cannot  be  certain  if  some  labeled  MCoTI-1  is  able 
to  escape  from  endosomal/lysosomal  compartments  into  the  cytosol. 
The  ability  to  track  the  release  of  fluorescent-labeled  molecules  from 
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Fig.  8.  MCoTl-I  is  colocalized  with  lysosomal  compartments.  Untreated  (A)  or  BacMam- 
RFP-Lampl  treated  (B)  HeLa  cells  were  incubated  with  25  pM  MCoTI-1  and  LysoTracker 
Red,  or  MCoTI-1  alone,  for  1  h  at  37  °C  as  described  in  Materials  and  methods  and  then 
imaged.  Bar  =  10pm.  (C)  Quantification  of  %  of  total  fluorescent  AF488-MCoTI-l  pixel 
colocalization  with  fluorescent  pixels  associated  with  both  markers  was  done  using 
the  Zeiss  LSM  software  for  image  analysis.  (n  =  14  cells  for  LysoTracker  Red  and 
n  =  11  cells  for  Lampl  with  cells  selected  from  3  separate  experiments). 
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Fig.  9.  MCoTl-l-containing  vesicles  are  in  motion.  HeLa  cells  were  incubated  with  25  pM 
MCoTl-I  for  1  h  at  37  °C  and  then  imaged  using  time-lapse  microscopy  as  described  in 
Materials  and  methods.  Arrows  indicate  position  of  the  moving  vesicle  at  0  min  while 
displacement  of  the  fluorescent  vesicle  relative  to  the  arrow  shows  the  extent  of  move¬ 
ment  over  time.  Bar  =  2  pm. 


both  MCoTI-cyclotides  should  facilitate  the  incorporation  of  radioac¬ 
tive  iodine  into  the  phenolic  ring  of  Tyr  with  minimal  disruption  of 
the  native  structure  of  the  cyclotide.  The  incorporation  or  grafting  of 
biological  peptides  into  the  MCoTl  scaffold  could  also  provide  proof 
of  endosomal/lysosomal  escape  if  such  biological  activity  could  be 
measured  only  in  the  cytosol.  This  approach  has  already  been  used 
to  demonstrate  endosomal  escape  of  CPPs  such  as  the  TAT  peptide 
[81,82].  The  retention  of  fluorescence  signal  in  the  perinuclear,  lyso¬ 
somal  compartments  for  a  period  of  up  to  10  h  suggests  that  most 
of  the  cyclotide  remains  within  these  compartments.  However, 
given  the  flexibility  of  the  cyclotide  backbone  to  accommodate  multi¬ 
ple  peptide  sequences,  subsequent  studies  may  explore  the  ability  of 
targeting  and  endosomolytic  sequences  for  concomitant  targeted 
entry  and  endosomal/lysosomal  escape  into  cytosol. 


4.  Conclusion 

This  study  reports  the  first  analysis  of  intracellular  uptake  of 
MCoTI-I  cyclotide  using  live  cell  imaging  by  confocal  fluorescence 
microscopy.  Cyclotides  represent  a  novel  platform  for  drug  devel¬ 
opment.  Their  stability,  conferred  by  the  cyclic  cystine  knot,  their 
small  size,  their  amenability  to  both  chemical  and  biological  syn¬ 
thesis,  and  their  flexible  tolerance  to  sequence  variation  make 
them  ideal  for  grafting  of  biologically-active  therapeutic  epitopes. 
As  we  show  herein,  they  are  also  capable,  in  the  unmodified  state, 
of  utilizing  multiple  cellular  endocytic  pathways  for  internaliza¬ 
tion.  Their  ease  of  access  makes  them  readily  accessible,  in  their 
current  state,  to  endosomal/lysosomal  compartments  of  virtually 
any  cell.  Without  an  apparent  strong  preference  for  an  existing  cel¬ 
lular  pathway,  nor  surface-expressed  epitope  in  HeLa  cells  (nor  in 
other  studies  with  MCoTl-Il  in  macrophages  [35]),  they  appear 
highly  amenable  to  retargeting  to  exploit  a  particular  target  cell’s 
dominant  internalization  pathway  and/or  unique  surface  receptor 
repertoire,  along  with  the  targeted  introduction  of  biologically- 
active  therapeutic  motifs. 

Supplementary  materials  related  to  this  article  can  be  found  on¬ 
line  at  doi:10.1016/j.jconrel.201 1.08.030. 


cellular  vesicles  is  limited  using  live  cell  imaging  of  fluorescence  sig¬ 
nal  primarily  due  to  the  large  dilution  effect  if  the  molecule  is  able 
to  escape  the  highly  confined  volume  of  the  vesicle  into  the  larger  cy¬ 
tosolic  volume.  One  way  to  demonstrate  the  release  of  peptide  into 
the  cytosol,  however,  would  be  by  using  labels  with  better  detection 
sensitivity  or  incorporating  a  biological  activity  that  can  be  measured 
in  the  cellular  cytosol.  For  example,  the  presence  of  Tyr  residues  in 
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Abstract:  Cyclotides  are  a  unique  and  growing  family  of  backbone  cyclized  peptides  that  also  contain  a  cystine  knot  motif  built  from  six 
conserved  cysteine  residues.  This  unique  circular  backbone  topology  and  knotted  arrangement  of  three  disulfide  bonds  makes  them  ex¬ 
ceptionally  stable  to  thermal,  chemical,  and  enzymatic  degradation  compared  to  other  peptides  of  similar  size.  Aside  from  the  conserved 
residues  forming  the  cystine  knot,  cyclotides  have  been  shown  to  have  high  variability  in  their  sequences.  Consisting  of  over  160  known 
members,  cyclotides  have  many  biological  activities,  ranging  from  anti-HIV,  antimicrobial,  hemolytic,  and  uterotonic  capabilities;  addi¬ 
tionally,  some  cyclotides  have  been  shown  to  have  cell  penetrating  properties.  Originally  discovered  and  isolated  from  plants,  cyclotides 
can  also  be  produced  synthetically  and  recombinantly.  The  high  sequence  variability,  stability,  and  cell  penetrating  properties  of  cy¬ 
clotides  make  them  potential  scaffolds  to  be  used  to  graft  known  active  peptides  or  engineer  peptide-based  drug  design.  The  present  re¬ 
view  reports  recent  findings  in  the  biological  diversity  and  therapeutic  potential  of  natural  and  engineered  cyclotides. 

Keywords:  Cyclotides,  cyclic  peptides,  peptide  therapeutics,  drag  discovery,  drag  design. 


INTRODUCTION 

Cyclotides  are  fascinating  backbone-cyclized  or  circular  pro¬ 
teins  ranging  from  28  to  37  amino  acid  residues  that  are  naturally 
expressed  in  plants.  They  all  share  a  unique  head-to-tail  circular 
knotted  topology  of  three  disulfide  bridges,  with  one  disulfide  bond 
penetrating  through  a  macrocycle  formed  by  the  other  two  disul¬ 
fides  bonds  and  inter-connecting  peptide  backbones,  forming  what 
is  called  a  cystine  knot  topology  Fig.  (1)  [1J.  This  cyclic  cystine 
knot  (CCK)  framework  gives  cyclotides  a  compact,  highly  rigid 
structure  [2],  which  confers  exceptional  resistance  to  ther- 
mal/chemical  denaturation,  and  enzymatic  degradation  [3,  4],  In 
fact,  the  use  of  cyclotide-containing  plants  in  indigenous  medicine 
first  highlighted  the  fact  that  these  peptides  are  resistant  to  boiling 
and  are  apparently  orally  bioavailable  [5], 

More  than  160  cyclotides  have  been  isolated  front  plants  in  the 
Violacea  (violet),  Rubiaceae  (coffee)  and  Cucurbitaceae  (squash) 
families  [6,  7];  and  more  recently  in  the  Fabaceae  (legume)  family 
[8-10].  It  has  been  estimated,  however,  that  around  50,000  cy¬ 
clotides  might  exist  [6J.  The  discovery  of  cyclotides  in  the  plant 
Clitoria  ternatea  from  the  Fabaceae  family  represents  an  important 
discovery  [9,  10].  The  Fabaceae  family  is  one  the  largest  families  of 
plants  on  Earth,  representing  =18,000  species,  some  of  which  are 
widely  used  as  crops  in  human  nutrition  and  food  supply  [11]. 
Due  to  the  high  diversity  of  this  family,  it  is  also  expected 
that  more  cyclotides  will  be  discovered  in  the  near  future. 

Most  of  the  cyclotides  reported  so  far  have  been  found  in  the 
Violaceae  and  Rubiaceae  families.  All  the  plants  studied  so  far  from 
the  Violaceae  family  have  shown  to  contain  cyclotides.  In  contrast, 
only  5%  of  the  Rubiaceae  plants  analyzed  thus  far  have  been  shown 
to  have  cyclotides  [6] .  The  only  two  cyclotides  found  to  date  from 
the  Cucurbitaceae  plant  family  are  Momordica  cochinchinensis 
trypsin  inhibitor  I  and  II  (MCoTI-I/II;  Fig.  (1)).  These  cyclotides 
are  found  in  the  seeds  of  M.  cochinchinensis  (a  tropical  squash 
plant)  and  are  potent  tiypsin  inhibitors.  MCoTI  cyclotides,  how¬ 
ever,  do  not  share  significant  sequence  homology  with  the  other 
cyclotides  beyond  the  presence  of  the  three-cystine  bridges  that 
adopt  a  similar  backbone-cyclic  cystine-knot  topology  Figs.  (1  and  2). 
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They  are  more  related  to  linear  cystine-knot  squash  trypsin  inhibi¬ 
tors  and  sometimes  are  considered  as  circular  knottins  [7]. 

Despite  the  sequence  diversity,  all  cyclotides  share  the  same 
CCK  motif  Figs.  (1  and  2).  Hence,  these  micro-proteins  can  be 
considered  natural  combinatorial  peptide  libraries  structurally  con¬ 
strained  by  the  cystine-knot  scaffold  [12]  and  head-to-tail  cycliza- 
tion  but  in  which  hypermutation  of  most  of  the  residues  may  be 
tolerated  with  the  exception  of  the  strictly  conserved  cysteines  that 
comprise  the  knot. 

All  of  the  cyclotides  reported  so  far  from  the  Violaceae  and 
Rubiaceae  families  are  biosynthesized  via  processing  from  dedi¬ 
cated  genes  that  in  some  cases  encode  multiple  copies  of  the  same 
cyclotide,  and  in  others,  mixtures  of  different  cyclotide  sequences 
[13].  Cyclotides  from  the  Fabaceae  family,  however,  are  biosynthe¬ 
sized  from  evolved  albumin-1  genes  [9,  10]. 

Cyclotides  can  also  be  produced  chemically  using  solid-phase 
peptide  synthesis  in  combination  with  native  chemical  ligation  [14- 
17]  or  recombinantly  in  bacteria  by  using  modified  protein  splicing 
units  or  inteins  [18-20].  The  latter  method  can  generate  folded  cy¬ 
clotides  either  in  vivo  or  in  vitro  using  standard  bacterial  expression 
systems  [18-20]  and  opens  the  possibility  of  producing  large  librar¬ 
ies  of  genetically  encoded  cyclotides  which  can  be  analyzed  by 
high  throughput  cell-based  screening  for  selection  of  specific  se¬ 
quences  able  to  bind  particular  biomolecular  targets  [19,  20]. 

Naturally  occurring  cyclotides  show  various  biological  activi¬ 
ties  including  insecticidal  [15,  21,  22],  uterotonic  [23,  24],  anti-viral 
[25,  26],  antimicrobial  [15,  24],  antitumor  [27],  antihelminthic  [28, 
29]  and  protease  inhibitory  activity  [30J.  Their  insecticidal  and 
antihelminthic  properties  suggest  that  they  may  function  as  defense 
molecules  in  plants. 

All  these  features  make  cyclotides  ideal  drug  development  tools 
[17,  31-33].  They  are  remarkably  stable  due  to  the  cyclic  cystine 
knot  [2].  They  are  relatively  small,  making  them  readily  accessible 
to  chemical  synthesis  [14],  and  they  can  be  encoded  within  standard 
cloning  vectors  and  expressed  in  cells  [18-20].  They  are  amenable 
to  substantial  sequence  variation  [34],  which  makes  them  ideal 
substrates  for  molecular  grafting  of  peptide  epitopes  [4]  or  for  mo¬ 
lecular  evolution  strategies  to  enable  generation  and  selection  of 
compounds  with  optimal  binding  and  inhibitory  characteristics  [20, 
34] .  Even  more  importantly,  some  cyclotides  have  recently  been 
shown  to  be  able  to  cross  cell  membranes  [35,  36], 
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Fig.  (1).  Primary  and  tertiary  structures  of  cyclotides  from  the  Mobius  (kalata  Bl,  pdb  code:  1NB1),  bracelet  (cycloviolacin  Ol,  pdb  code:  1NBJ)  and  trypsin 
inhibitor  (MCoTI-II,  pdb  code:  1IB9)  subfamilies.  The  sequence  of  kalata  B8.  a  novel  hybrid  cyclotide  isolated  from  the  plant  O.  affinis  is  also  shown.  Con¬ 
served  cysteine  residues  are  marked  in  yellow  and  disulfide  connectivities  in  red.  The  circular  backbone  topology  is  shown  wilh  a  blue  line.  Figure  adapted 
from  Ref.  [4] .  The  color  version  of  the  figure  is  available  in  the  electronic  version. 


In  the  present  review,  we  discuss  the  structural  and  more  phar- 
macologically-relevant  biological  properties  of  cyclotides  as  well  as 
the  latest  developments  in  the  use  of  the  cyclotide  scaffold  to  design 
novel  peptide-based  therapeutics. 

THE  DISCOVERY 

The  discovery  of  the  first  cyclotide  occurred  indirectly  when 
Norwegian  researchers  isolated  and  partially  characterized  a  pep¬ 
tide,  kalata  Bl,  from  the  African  plant  Oldenlandia  affinis  [23,  37], 
This  plant  was  used  by  the  natives  to  make  a  tea  extract  that  was 
used  to  accelerate  childbirth  during  labor,  and  thereafter  kalata  B 1 
was  identified  as  the  main  uterotonic  component  of  the  plant  [23, 
37,  38J.  Kalata  Bl  was  initially  characterized  as  a  likely  cyclic  pep¬ 
tide  of  ~30  amino  acids  in  size. 

It  was  not  until  1995,  however,  that  the  structure  of  kalata  Bl 
was  confirmed  to  be  a  29-amino  acid  head-to-tail  macrocyclic  pep¬ 
tide  containing  a  cystine  knot  motif  by  using  a  combination  of  mass 
spectrometry  and  NMR  techniques  [5].  The  structural  determination 
of  kalata  B 1  coincided  in  time  with  the  discovery  of  several  other 
macrocyclic  peptides  of  similar  size  and  sequence  from  other  Ru- 
biaceae  [39,  40J  and  Violaceae  [41J  plants.  By  1999,  another  20 
different  macrocyclic  peptides  featuring  similar  characteristics  were 
described  at  the  National  Cancer  Institute  at  USA  [42]  and  by  a 
Swedish  group  that  was  looking  for  novel  cyclic  peptides  from 
plant  biomass  [43,  44],  In  order  to  group  this  growing  family  of 
peptides,  Craik  and  co-workers  coined  the  term  “cyclotides”  (cyclo 
peptides)  to  refer  to  this  interesting  family  of  cyclic  peptides.  Since 
then,  around  160  different  cyclotides  have  been  discovered  in  plants 


of  the  Rubiaceae,  Violaceae,  Cucurbitaceae  and  Fabaceae  families 
and  it  has  been  estimated  that  the  cyclotide  family  might  contain 
over  50,000  different  members  [6,  45]. 

Cyclotides  can  be  also  classified  in  the  larger  family  of  knot- 
tins,  a  group  of  microproteins  that  are  characterized  for  containing  a 
cystine  knot  [46].  Several  web-based  databases  have  been  created 
to  curate  the  sequences  of  knottins  (knottin.cbs.cnrs.fr)  [47,  48]  and 
cyclotides  as  well  as  other  circular  proteins  (www.cybase.org.au) 

[49] ,  both  at  the  amino  acid  and  nucleic  acid  levels. 

THREE-DIMENSIONAL  STRUCTURE 

Nearly  all  three  dimensional  structures  of  cyclotides  elucidated 
to  date  have  been  performed  by  solution  NMR  spectroscopy 

[50]  .The  only  exception  is  the  cyclotide  varv  F,  for  which  both  an 
NMR  and  an  X-ray  crystal  structure  exit  [51].  There  are  also  sev¬ 
eral  reports  where  the  structures  of  cyclotides  have  been  modeled 
[52,  53]. 

All  of  the  natural  cyclotides  isolated  thus  far  contain  between 
28  and  37  amino  acids,  including  six  cysteine  residues  (labeled  Cys1 
through  CysVI),  and  are  backbone  cyclized  Figs.  (1  and  2).  The  Cys 
residues  are  oxidized  to  form  a  cystine  knot  core  in  which  the  em¬ 
bedded  ring  formed  by  two  disulfide  bonds  (CysI-Cyslv  and  Cys11- 
Cysv)  is  penetrated  by  a  third  disulfide  bond  (Cysm-CysVI).  This 
unique  topology  of  circular  backbone  and  interlocked  cystine  core 
is  usually  referred  to  as  a  cyclic  cystine  knot  (CCK)  motif  Fig.  (2) 
[54,  55],  The  CCK  motif  is  decorated  by  six  interconnecting  seg¬ 
ments,  or  loops,  which  are  successively  numbered  loop  1  through  6, 
starting  at  Cys1  (see  Fig.  (2)).  In  most  of  the  cyclotides,  loops  1  and 
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Fig.  (2).  General  features  of  the  cyclic  cystine  knot  (CCK)  topology  found  in  cyclotides.  A.  Detailed  structure  the  cystine  knot  core  and  the  connecting  loops. 
The  six  Cys  residues  are  labeled  I  through  VI  whereas  loops  connecting  the  different  Cys  residues  are  designated  as  loop  1  through  6,  in  numerical  order  from 
the  N-  to  the  C-terminus.  B.  Mobius  fright)  and  bracelet  (left)  cyclotides  are  defined  by  the  presence  (Mobius)  or  absence  (bracelet)  of  a  Pro  residue  in  loop  5 
that  introduces  a  twist  in  the  circular  backbone  topology. 


4  are  highly  conserved  in  length  and  composition.  In  contrast,  the 
other  loops  show  more  variation  in  size  and  sequence. 

The  first  CCK  structure  was  repotted  for  the  prototypic  Mobius 
cyclotide  kalata  B1  in  1995  [5].  Since  then,  NMR  and  X-ray  studies 
have  confirmed  that  all  cyclotides  retain  a  similar  CCK  scaffold  but 
with  high  sequence  variability  in  the  six  loops.  The  validity  of  the 
embedded  knotted  cystine  core  of  cyclotides  has  been  further  con¬ 
firmed  by  chemical  means  [56],  The  CCK  framework  gives  cy¬ 
clotides  a  compact,  highly  rigid  structure  [2],  which  confers  excep¬ 
tional  resistance  to  thermal/chemical  denaturation  and  enzymatic 
degradation  [3]  thereby  making  cyclotides  a  promising  molecular 
scaffold  for  drug  discovery  [1,  4,  57].  For  example,  cyclotides  are 
more  resistant  to  high  temperatures  approaching  boiling  when  com¬ 
pared  to  their  linear  counterparts  [3].  The  stabilizing  abilities  of  the 
CCK  motif  do  not  end  there;  the  cystine  knot  also  confers  chemical 
stability  to  the  protein  allowing  it  to  retain  its  native  structure  under 
typical  denaturing  conditions  involving  8  M  urea  or  6  M  guanidine 
hydrochloride  [3j.  Furthermore,  the  CCK  motif  also  aids  in  protect¬ 
ing  the  proteins  from  enzymatic  degradation  by  trypsin,  pepsin,  and 
thermo ly sin  [3], 

Cyclotides  have  been  classified  into  three  main  subfamilies. 
The  Mobius  and  bracelet  cyclotide  subfamilies  differ  in  the  pres¬ 
ence  or  absence  of  a  cw-Pro  residue  in  loop  5,  which  introduces  a 


twist  in  the  circular  backbone  topology  Fig.  (2B)  [58],  Mobius  and 
bracelet  subfamilies  of  cyclotides  may  also  be  distinguished  by  the 
amount  of  hydrophobic  residues  and  their  location  on  the  surface. 
For  example,  around  60%  of  the  surface  residues  in  the  bracelet 
cyclotide  cycloviolacin  02  are  hydrophobic  and  are  located  primar¬ 
ily  in  loops  2  and  3.  In  contrast,  only  40%  of  the  surface  residues  in 
the  Mobius  cyclotide  kalata  B 1  are  hydrophobic  and  mainly  local¬ 
ized  in  loops  2,  5  and  6  [59].  Nevertheless,  both  major  subfamilies 
of  cyclotides  contain  some  highly  conserved  residues  such  as  Glu3 
in  loop  1  and  the  natural  site  of  cyclization,  Asn/Asp  in  loop  6.  It  is 
also  interesting  to  remark  that  cyclotides  that  share  properties  of 
both  Mobius  and  bracelet  such  as  kalata  B8  and  psyle  C  are  starting 
to  emerge  [60,  61].  These  cyclotides  are  usually  referred  to  as  hy¬ 
brid  cyclotides. 

A  third  subfamily  of  cyclotides  comprises  the  cyclic  trypsin 
inhibitors  MCoTl-I/II  Fig.  (1),  which  have  been  isolated  from  the 
dormant  seeds  of  Momordica  cochinchinensis,  a  plant  member  of 
the  Cucurbitaceae  family,  and  are  powerful  trypsin  inhibitors  {K,  ~ 
20  -  30  pM)  [62],  These  cyclotides  do  not  share  significant  se¬ 
quence  homology  with  other  cyclotides  beyond  the  presence  of  the 
three-cystine  bridges,  but  structural  analysis  by  NMR  has  shown 
that  they  adopt  a  similar  backbone-cyclic  cystine-knot  topology  [63, 
64], 


Cyclotides,  a  Novel  Ultrastable  Polypeptide  Scaffold  for  Drug  Discovery 

CYCLOTIDE  PLANT  BIOSYNTHESIS 

All  the  cyclotides  reported  so  far  from  the  Violaceae  and  Ru- 
biaceae  families  are  biosynthesized  via  processing  from  dedicated 
genes  that,  in  some  cases,  encode  multiple  copies  of  the  same  cy¬ 
clotide,  and  in  others,  mixtures  of  different  cyclotide  sequences  [13, 
21 J.  The  first  genes  encoding  cyclotides  were  discovered  in  the 
plant  Oldenlandia  affinis  (Rubiaceae  family)  for  the  kalata  cy¬ 
clotides  Fig.  (3A)  [21],  For  example,  the  gene  encoding  the  precur¬ 
sor  protein  of  kalata  B1  (Oak  1)  consists  of  an  endoplasmic  reticu¬ 
lum  (ER)-targeting  sequence,  a  pro-region,  a  highly  conserved  N- 
terminal  repeat  (NTR)  region,  a  mature  cyclotide  domain,  and  a 
hydrophobic  C-terminal  tail  Fig.  (3A).  In  contrast,  the  gene  precur¬ 
sor  of  kalata  B2  encodes  up  to  three  copies  of  the  NTR-cyclotide 
region,  which  allows  the  formation  of  up  to  three  mature  kalata  B2 
cyclotides  per  molecule  of  precursor.  Similar  genes  have  also  been 
found  in  plants  from  the  Violaceae  family  [13,  45J. 

More  recently,  Craik  and  co-workers  have  revealed  that  the 
gene  encoding  the  protein  precursor  of  a  novel  cyclotide  (Cter  M) 
isolated  from  the  leaf  of  butterfly  pea  (Clitoria  ternatea),  a  repre¬ 
sentative  member  of  the  Fabaceae  plant  family,  is  embedded  within 
the  albumin- 1  gene  Fig.  (3A)  [9.  10J.  Similar  findings  have  also 
been  recently  reported  by  Tam  and  co-workers  [10].  Generic  albu- 
min-1  genes  are  comprised  of  an  ER  signal  sequence  followed  by 
an  albumin  chain-b,  a  linker,  and  an  albumin  chain-a.  In  the  precur¬ 
sor  of  cyclotide  Cter  M,  the  cyclotide  domain  replaces  the  albumin 
chain-b  domain.  The  discovery  that  albumin  genes  can  evolve  into 
protein  precursors  that  can  subsequently  be  processed  to  become 
cyclic  has  been  described  in  a  recent  report  on  the  biosynthesis  of 
the  peptide  sunflower  trypsin  inhibitor  1  (SFTI-1)  [65].  In  this  case 
the  SFTI-1  precursor  gene  was  identified  as  seed  napin-like  albu¬ 
min  [65].  SFTI-1  is  a  14-residue  peptide  isolated  from  sunflower 
seeds  with  a  head-to-tail  cyclic  backbone  stmcture  having  only  a 
single  disulfide  bond.  In  this  context,  it  is  worth  noting  that  the 
protein  precursors  of  the  only  two  cyclotides  isolated  so  far  from 
the  Cucurbitaceae  plant  family  (MCoTI-I/II)  have  not  been  identi¬ 
fied  yet. 

The  complete  mechanism  of  how  cyclotide  precursors  are  proc¬ 
essed  and  cyclized  has  not  been  completely  elucidated  yet.  How¬ 
ever,  recent  studies  suggest  that  an  asparaginyl  endopeptidase 
(AEP)  is  a  key  element  in  the  cyclization  of  cyclotides  [66,  67J.  It 
has  been  proposed  that  the  cyclization  step  mediated  by  AEP  takes 
place  at  the  same  time  as  the  cleavage  of  the  C-terminal  pro-peptide 
from  the  cyclotide  precursor  protein  through  a  transpeptidation 
reaction  Fig.  (3B)  [66]  .  The  transpeptidation  reaction  involves  an 
acyl-transfer  step  from  the  acyl-AEP  intermediate  to  the  N -terminal 
residue  of  the  cyclotide  domain  [67].  AEPs  are  Cys  proteases  that 
are  very  common  in  plants  and  specifically  cleave  the  peptide  bond 
at  the  C-terminus  of  Asn  and,  less  efficiently,  Asp  residues.  All  of 
the  cyclotide  precursors  identified  so  far  contain  a  well-conserved 
Asn/Asp  residue  at  the  C-terminus  of  the  cyclotide  domain  in  loop 
6,  which  is  consistent  with  the  idea  that  cyclotides  are  cyclized  by  a 
transpeptidation  reaction  mediated  by  AEP  Fig.  (3B)  [66] .  It  is  also 
worth  noting  that  the  only  naturally  linear  ‘cyclotide’  isolated  to 
date  is  violacin  A  front  Viola  odorata  [68] .  Interestingly,  the  gene 
encoding  violacin  A  lacks  the  key  Asn/Asp  residue  in  loop  6,  which 
has  been  replaced  by  a  stop  codon,  and  is  required  for  the  backbone 
cyclization  reaction  [68].  As  a  result,  the  peptide  remains  linear 
after  translation  and  folding.  Studies  using  transgenic  plants  ex¬ 
pressing  cyclotide  precursors  also  support  the  involvement  of  AEP 
and  the  requirement  for  a  C-terminal  Asn  residue  in  the  cyclotide 
sequence  [66,  67],  For  example,  it  has  been  shown  that  the  intro¬ 
duction  of  a  mutation  at  the  C-terminal  Asn  residue  of  the  cyclotide 
domain  in  transgenic  plants  resulted  in  no  circular  peptide  produc¬ 
tion  [67],  AEP  has  also  been  shown  to  be  involved  in  the  biosynthe¬ 
sis  of  the  cyclic  peptide  SFTI-1  [65]. 

The  expression  of  cyclotides  in  transgenic  plants  lik eArabidop- 
sis  and  tobacco  is,  however,  highly  inefficient  giving  rise  to  mostly 
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acyclic  or  truncated  proteins  [66,  67],  thus  indicating  that  the  proc¬ 
essing  and  cyclization  of  cyclotides  may  involve  other  enzymes  or 
may  be  species  dependent.  Craik  and  co-workers  have  recently 
isolated  a  protein  disulfide  isomerase  (PDI)  from  the  plant  O.  affinis 
showing  that  at  least  in  vitro  it  is  able  to  increase  the  folding  yield 
of  cyclotide-related  molecules,  including  linear  and  cyclic  cy¬ 
clotides  [69],  The  relevance  of  this  result  in  vivo  still  remains  to  be 
established. 

CHEMICAL  SYNTHESIS  OF  CYCLOTIDES 

Cyclotides  are  relatively  small  polypeptides,  -30-40  amino 
acids  long,  and  therefore  the  linear  precursors  can  be  readily  syn¬ 
thesized  by  chemical  methods  using  solid-phase  peptide  synthesis 
(SPPS)  [70],  Backbone  cyclization  of  the  corresponding  linear  pre¬ 
cursor  can  readily  be  accomplished  in  aqueous  buffers  under 
physiological  conditions  by  using  an  intramolecular  version  of  na¬ 
tive  chemical  ligation  [71,  72]  Fig.  (4).  This  approach  has  been 
successfully  used  to  chemically  generate  native  and  engineered 
cyclotides  [14,  16.  17,  73-76].  The  only  requirements  for  NCL  are 
an  N-terminal  cysteine  and  a  a-thioester  group  at  the  C-terminus  of 
the  linear  precursor  [77-80].  Both  tert-butyloxyxarbonyl  (Boc)-  and 
9-fluorenyloxycarbonyl  (Fmoc)-based  chemistries  have  been  used 
to  incorporate  C-terminal  thioesters  during  chain  assembly  (Boc) 
[81-83]  or  using  safety-catch  based  linkers  (Fmoc)  [80,  84-87], 
Once  the  peptide  is  cleaved  from  the  resin,  both  cyclization  and 
folding  can  be  carried  out  sequentially  [14.  15,  74]  or  in  a  single  pot 
reaction  [16-18,  36]. 

Typically  Mobius  cyclotides  such  as  kalata  B1  are  able  to  read¬ 
ily  fold  into  their  native  structure  quite  efficiently  [14],  although 
during  the  oxidative  folding  a  stable  two-disulfide  native-like  in¬ 
termediate  accumulates.  This  intermediate  is  not  the  immediate 
precursor  of  the  three-disulfide  native  peptide  and  is  not  observed 
during  the  reductive  unfolding  of  kalata  B1  [88.  89] .  MCoTl- 
cyclotides  also  fold  very  efficiently  under  oxidative  conditions  [16, 
17,  36],  MCoTI-II  also  accumulates  a  native-like  partially  folded 
intermediate  during  its  oxidative  folding,  but  in  contrast  to  kalata 
Bl,  this  intermediate  is  a  direct  precursor  to  the  fully  folded  native 
form  [90]. 

The  oxidative  folding  of  bracelet  cyclotides,  on  the  other  hand, 
has  proven  to  be  more  challenging.  For  example,  Tam  and  co¬ 
workers  used  orthogonal  thiol  protecting  groups  for  the  Cys  resi¬ 
dues  in  the  synthesis  of  the  bracelet  cyclotides  circulins  A/B  and 
cyclopsychotride  [15,  74],  This  approach  allowed  a  more  controlled 
step-wise  folding  strategy,  thereby  improving  the  yield  for  the 
natively  folded  products.  More  recently,  Goransson  and  co-workers 
have  shown  that  the  bracelet  cyclotide  cycloviolacin  02  can  be 
folded  with  yields  over  50%  using  the  mildly  oxidizing  agent  di¬ 
methyl  sulfoxide  as  co-solvent  and  a  non-ionic  detergent  (Brij35)  as 
a  hydrophobic  surface  stabilizing  agent  [76]. 

Craik  and  co-workers  have  recently  reported  that  several  ana¬ 
logs  of  the  bracelet  cyclotide  cycloviolacin  Ol  resulting  by  the 
introduction  of  mutations  on  loops  2  and  6  can  be  efficiently  folded 
[75],  The  best  analog  in  folding  terms  was  accomplished  by  re¬ 
placement  of  lie  in  loop  2  with  Gly  together  with  the  insertion  of  a 
Thr  residue  preceding  Tyr  in  loop  6  [75].  These  studies  have  al¬ 
lowed  a  better  understanding  of  the  structural  elements  influencing 
the  efficiency  of  oxidative  folding  in  Mobius  and  bracelet  cyclotide, 
thereby  demonstrating  that  they  are  mostly  localized  within  loops  2 
and  6. 

The  oxidative  folding  of  cyclotides  is  greatly  influenced  by  the 
reaction  conditions  including  the  redox  buffer  used  and  the  concen¬ 
tration  of  organic  co-solvents.  The  Cys-containing  tripeptide  glu¬ 
tathione  (GSH)  is  by  far  the  most  commonly  employed  reagent  to 
accomplish  the  oxidative  folding  of  cyclotide,  although  other  oxi¬ 
dizing  reagents  have  also  been  used.  Redox  buffers  containing  GSH 
make  possible  the  formation  of  disulfide  bonds  under  thermody¬ 
namic  control,  allowing  disulfide  reshuffling  to  recycle  non- 
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Fig.  (3).  Genetic  origin  and  biosynthesis  of  cyclotides  in  plants.  A.  Rubiacea  and  Violaceae  plants  have  dedicated  genes  for  the  production  of  cyclotides  [13]. 
These  cyclotide  precursors  comprise  an  ER  signal  peptide,  an  N-terminal  Pro  region,  the  N-terminal  repeat  (NTR),  the  mature  cyclotide  domain  and  a  C- 
terminal  flanking  region  (CTR).  Cyclotides  from  the  Fabaceae  family  of  plants  isolated  recently  from  C.  ternatea  [9,  10],  show  an  ER  signal  peptide  immedi¬ 
ately  followed  by  the  cyclotide  domain,  which  is  flanked  at  the  C-terminus  by  a  peptide  linker  and  the  albumin  a-chain.  In  this  case,  the  cyclotide  domain  re¬ 
places  albumin- 1  b-chain.  The  genetic  origin  of  the  trypsin  inhibitor  cyclotides  MCoTI-I/II  (found  in  the  seeds  of  M.  cochinchinensis)  remains  yet  to  be  deter¬ 
mined.  B.  Scheme  representing  the  proposed  mechanism  of  protease-catalyzed  cyclotide  cyclization.  It  has  been  proposed  that  the  cyclization  step  is  mediated 
by  an  asparaginyl  endopeptidase  (AEP),  a  common  Cys  protease  found  in  plants.  The  cyclization  takes  place  at  the  same  time  as  he  cleavage  of  the  C-terminal 
pro-peptide  from  the  cyclotide  precursor  protein  through  a  transpeptidation  reaction  [66].  The  transpeptidation  reaction  involves  an  acyl-transfer  step  from  the 
acyl-AEP  intermediate  to  the  N-terminal  residue  of  the  cyclotide  domain  [67].  Figure  adapted  from  Refs.  [4,  11]. 
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Fig.  (4).  Chemical  synthesis  of  cyclotides  by  means  of  an  intramolecular  native  chemical  ligation  (NCL).  This  approach  requires  the  chemical  synthesis  of  a 
linear  precursor  bearing  an  N-terminal  Cys  residue  and  an  a-thioester  moiety  at  the  C-terminus.  The  linear  precursor  can  be  cydized  first  under  reductive  condi¬ 
tions  and  then  folded  using  a  redox  buffer  containing  reduced  and  oxidized  gluthathione  (GSH).  Alternatively,  the  cyclization  aid  folding  can  be  efficiently 
accomplished  in  a  single  pot  reaction  when  the  cyclization  is  carried  out  in  the  presence  of  reduced  GSH  as  the  thiol  cofactor[18,  20]. 


productive  or  misfolded  intermediates  [18,  76,  88,  89,  91 1.  GSH  has 
been  also  used  as  a  thiol  additive  as  well  as  redox  buffer  for  the 
cyclization  and  concomitant  folding  of  cyclotides  in  a  single  pot 
reaction  [18].  This  has  been  successfully  accomplished  for  Mobius 
LI 8,  20]  and  MCoTI  [16,  17,  36]  cyclotides  Fig.  (3). 

Leatherbarrow  and  coworkers  have  also  reported  the  chemoen- 
zymatic  synthesis  of  several  MCoTI  cyclotides  by  using  a  protease- 
mediated  ligation  [17],  In  this  approach,  the  linear  precursor  was 
synthesized  using  Fmoc-SPPS,  folded  in  oxidative  conditions  and 
cyclized  using  polymer-supported  trypsin.  This  approach  of  en¬ 
zyme-mediated  in  vitro  cyclization  has  also  been  used  for  the  cycli¬ 
zation  of  a  linearized  version  of  the  cyclic  peptide  sunflower  trypsin 
inhibitor,  SFTI-1  [92],  These  two  studies  suggest  that  protease- 
mediated  cyclization  can  be  a  general  and  efficient  process  for  pro¬ 
ducing  cyclic  peptides. 

RECOMBINANT  EXPRESSION  OF  CYCLOTIDES 

Our  group  has  pioneered  the  recombinant  production  of  cy¬ 
clotides  in  bacteria  through  intramolecular  NCL  (see  above)  by 
using  a  modified  protein-splicing  unit  or  intein  Fig.  (5)  (see  refer¬ 
ence  [34]  for  a  recent  review).  Inteins  are  self-processing  domains 
that  undergo  post-translational  processing  to  splice  together  flank¬ 
ing  external  polypeptide  domains  (exteins)  [93].  This  approach  uses 
a  modified  intein  fused  to  the  C-terminus  of  the  cyclotide  sequence 
to  facilitate  the  formation  of  the  required  a-thioester  at  the  C- 
terminus  of  the  recombinant  linear  precursor  Fig.  (5)  [34],  The 
introduction  of  the  required  N-terminal  Cys  for  cyclization  can 
easily  be  accomplished  by  expressing  the  precursor  protein  with  an 
N-terminal  leading  peptide,  which  can  be  cleaved  by  proteolysis  or 
autoproteolysis  Fig.  (5).  The  simplest  way  to  achieve  this  is  to  in¬ 
troduce  a  Cys  residue  downstream  to  the  initiating  Met  residue. 
Once  the  translation  step  is  completed,  the  endogeneous  methionyl 


aminopeptidases  (MAP)  removes  the  Met  residue,  thereby  generat¬ 
ing  in  vivo  an  N-terminal  Cys  residue  [94-98],  The  N-terminal  Cys 
can  then  capture  the  reactive  thioester  in  an  intramolecular  fashion 
to  form  a  backbone  cyclized  polypeptide  Fig.  (5). 

Additional  methods  to  generate  N-terminal  Cys  proteases  in¬ 
volve  the  use  of  exogeneous  proteases  to  cleave  the  leading  signal 
after  purification  or  in  vivo  by  co-expressing  the  protease.  Proteases 
that  have  been  used  so  far  include  Factor  Xa  [79,  99],  ubiquitin  C- 
terminal  hydrolase  [100,  101],  tobacco  etch  virus  (TEV)  protease 
[102],  and  thrombin  [103].  The  N-terminal  pelB  leader  sequence 
has  also  been  used  recently  to  direct  newly  synthesized  fusion  pro¬ 
teins  to  the  E.  coli  periplasmic  space  where  the  corresponding  en¬ 
dogenous  leader  peptidases  [104,  105]  can  generate  the  desired  N- 
terminal  cysteine-containing  protein  fragment  [106].  Protein  splic¬ 
ing  can  also  be  used  to  generate  recombinant  N-terminal  Cys- 
containing  polypeptides.  For  example,  some  inteins  have  been 
modified  to  allow  cleavage  at  the  C-terminal  splice  junction  in  a 
pH-  and  temperature-dependent  fashion  [107-109]. 

Intein-mediated  backbone  cyclization  of  polypeptides  has  re¬ 
cently  been  used  for  the  biosynthesis  of  the  trypsin  inhibitor  SFTI-1 
[110],  This  method  can  also  be  applied  to  other  Cys-rich  peptides. 
The  biosynthesis  of  backbone-cyclized  a-defensins  and  naturally 
occurring  cyclic  0-defensins  is  currently  underway  in  our  labora¬ 
tory. 

It  is  worth  noting  that  the  recombinant  expression  of  cyclotides 
facilitates  the  incorporation  of  NMR  active  isotopes  such  as  15N  and 
13C  in  a  very  inexpensive  fashion,  thus  facilitating  the  use  of  the 
SAR  by  NMR  (structure-activity  relationship  by  nuclear  magnetic 
resonance)  [111]  technique  to  characterize  interactions  between 
cyclotides  and  their  biomolecular  targets  [19,  20]  as  well  as  carry 
out  studies  on  the  dynamics  of  the  cyclotide  scaffold  [2].  The  in¬ 
corporation  of  15N  into  the  cyclotide  kalata  B1  has  recently  been 
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Fig.  (5).  Biosynthetic  approach  for  the  recombinant  expression  of  cyclotides  using  E.  coli  expression  systems.  Cleavage  of  the  leading  signal  either  in  vitro 
[18]  or  in  vivo  [19,  20]  by  appropriate  proteases  provides  the  N-terminal  Cys  residue  required  for  the  cyclization.  The  backbone  cyclization  of  the  linear  pre¬ 
cursor  is  then  mediated  by  a  modified  protein  splicing  unit  or  intein.  Once  the  linear  precursor  is  cyclized,  folding  is  spontaneous  for  kalata  B 1  and  MCoTI-I/II 
cyclotides  [18-20], 


reported  by  Craik  and  co-workers  by  whole  plant  labeling,  i.e.  by 
extracting  the  cyclotide  from  plants  grown  in  the  laboratory  in  me¬ 
dia  enriched  in  l5N  LI  12]. 

BIOLOGICAL  ACTIVITIES  OF  CYCLOTIDES 

The  natural  function  of  cyclotides  in  plants  seems  to  be  as  host- 
defense  agents  as  deduced  from  their  activity  against  insects  [21, 
22],  nematodes  [28,  29,  113,  114],  and  mollusks  [60].  For  example, 
it  has  been  shown  that  cyclotides  can  efficiently  inhibit  the  growth 
and  development  of  insect  and  nematode  larvae  [115].  Although 
their  mechanism  of  action  is  not  totally  well  understood,  many  of 
these  activities  seem  to  involve  interaction  of  the  cyclotide  with 
membranes  [9,  115],  Aside  from  their  insecticidal  and  nematocidal 


activities,  cyclotides  have  also  been  shown  to  have  potential  phar¬ 
macologically  relevant  activities,  which  include  antimicrobial,  anti- 
HIV,  anti-tumor  and  neurotensin  activities. 

Antimicrobial  Activity 

Most  cyclotides  have  hydrophobic  and  hydrophilic  patches 
located  in  different  regions  of  their  surface  resembling  to  some 
extent  the  amphipathic  character  of  classical  antimicrobial  peptides. 
The  antimicrobial  activities  of  cyclotides  have  been  reported  by  two 
groups  with  conflicting  results  on  the  potency  of  kalata  B 1  against 
Escherichia  coli  and  Staphylococcus  aureus.  In  one  study  per¬ 
formed  by  Tam  and  co-workers,  kalata  B1  was  active  against  S. 
aureus,  but  not  E.  coli  [15],  and  in  the  second  study,  led  by  Gran 
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and  co-workers,  the  peptide  had  the  reverse  effect  [24].  This  con¬ 
troversy  has  not  been  fully  resolved  yet,  but  it  is  most  likely  that 
different  techniques  were  employed  by  both  research  teams.  More 
recently,  Tam  and  co-workers  have  also  isolated  several  cyclotides 
from  the  plant  Clitoria  ternatea  of  the  Fabaceae  family  with  antim¬ 
icrobial  properties.  In  this  work  cyclotides  CT1  and  CT4  showed 
antimicrobial  activity  against  strains  of  E.  coli ,  Klebsiella  pneumo¬ 
nia  and  Pseudomonas  aeruginosa  with  minimal  inhibitory  concen¬ 
trations  ranging  from  1  to  4  pM  [10].  Craik  and  co-workers  have 
also  identified  similar  cyclotides  in  the  same  plant  [8,  9].  In  this 
work,  cyclotides  CT1  and  CT4  are  referred  as  Cter  P  and  Cter  O, 
respectively.  These  bracelet  cyclotides  have  high  sequence  homol¬ 
ogy  with  the  cyclotide  cycloviolacin  02,  which  has  been  shown  to 
have  antimicrobial  activity  against  P.  aeruginosa  and  a  multiple 
drug  resistant  strain  of  K.  pneumonia  [116]. 

Antimicrobial  peptides  that  target  bacterial  membranes  typi¬ 
cally  have  an  amphipathic  structure  with  a  large  number  of  posi¬ 
tively  charged  residues,  which  explains  their  affinities  for  nega¬ 
tively  charged  membranes  over  more  neutral  mammalian  cell 
membranes.  Most  cyclotides,  however,  have  an  overall  charge  close 
to  zero  at  physiological  pH,  thereby  making  it  unlikely  that  they 
interact  with  bacterial  membranes  through  electrostatic  interactions 
like  classical  cationic  antimicrobial  peptides  [117].  Hence,  further 
studies  are  required  to  investigate  the  antimicrobial  properties  and 
mechanism  of  action  of  cyclotides  as  well  as  their  clinical  rele¬ 
vance.  This  is  particular  important  given  the  growing  occurrence  of 
antibiotic  resistance  by  microorganisms  to  current  antibiotics. 

Anti-HIV  Activity 

The  anti-HIV  activity  of  cyclotides  has  been  one  of  the  most 
extensively  studied  so  far  due  to  its  potential  pharmacological  ap¬ 
plications  [25,  39,  58,  118,  119].  The  first  account  of  a  cyclotide 
with  anti-HIV  activity  was  reported  by  Gustafson  and  co-workers 
as  part  of  a  screening  program  at  the  U.S.  National  Cancer  Center 
to  search  for  novel  natural  products  with  anti-viral  activity  [39,  42]. 
In  this  work,  several  cyclotides  isolated  from  the  bark  of  the  Afri¬ 
can  tree  Chassalia  parvifolia ,  called  circulins  A-F,  were  shown  to 
inhibit  HIV  infection  in  different  host  cell  lines.  Since  then,  several 
other  cyclotides  from  the  bracelet  and  Mobius  subfamilies  were 
also  shown  to  have  anti-HIV  activity  [25,  58,  118,  119]. 

The  exact  mode  of  action  of  these  compounds  remains  still 
unclear,  although  the  inability  of  cyclotides  to  affect  HIV  reverse 
transcriptase  activity  combined  with  their  cytoprotective  effect 
suggests  that  the  antiviral  activity  occurs  before  the  entry  of  the 
virus  into  the  host  cell  [39].  Recent  studies  have  also  suggested  a 
strong  correlation  between  the  hydrophobic  character  of  cyclotides 
and  their  anti-HIV  activities  [119,  120].  Moreover,  surface  plasma 
resonance  and  NMR  studies  have  shown  that  cyclotides  can  bind  to 
model  lipid  membranes  and  that  this  interaction  occurs  primarily 
through  their  surface-exposed  hydrophobic  patches  [121-123].  All 
these  data  suggest  that  the  probable  mode  of  anti-HIV  action  of 
cyclotides  occurs  through  a  mechanism  that  affects  the  binding 
and/or  fusion  of  the  virus  to  the  target  membrane.  It  is  still  prema¬ 
ture.  however,  to  conclude  if  cyclotide  anti-HIV  activity  is  the  re¬ 
sult  of  binding  to  the  viral  envelope,  host  cell  membrane  or  both. 

None  of  the  cyclotides  with  anti-HIV  activity,  however,  is  be¬ 
ing  considered  as  candidates  for  anti-HIV  therapy  so  far.  This  is 
due  to  their  low  therapeutic  index  (i.e.  the  ratio  between  the  dose 
required  for  therapeutic  effects  versus  toxic  effects),  which  is  typi¬ 
cally  too  small  (<  10)  to  be  clinically  useful.  For  example,  the 
therapeutic  index  of  cyclotides  kalata  B1  and  Varv  E  is  9  and  11, 
respectively.  On  the  other  hand,  recent  studies  carried  out  on  the 
cyclotides  isolated  from  the  plant  Viola  yedoensis  (cycloviolacins 
Y4  and  Y5)  have  shown  therapeutic  indexes  of  45  and  14,  respec¬ 
tively,  which  show  some  promise  on  the  potential  clinical  use  of 
these  peptides  to  treat  HIV  infection  [119]. 


Current  Pharmaceutical  Design,  2011,  Vol.  17,  No.  38  4301 
Neurotensin  Antagonism 

Cyclopsychotride  (Cpt)  A  is  a  natural  cyclotide  isolated  in  1994 
from  the  South  American  tree  Psychotropia  longipes  that  has  been 
reported  to  have  neurotensin  inhibition  properties  [40].  Neurotensin 
is  a  13  amino  acid  neuropeptide  that  exerts  its  function  by  interact¬ 
ing  with  specific  extracellular  receptors  increasing  inositol  triphos¬ 
phate  (IP3)  production  and  inducing  Ca2+  mobilization  from  intra¬ 
cellular  stores.  Witherup  and  co-workers  reported  that  Cpt  A  was 
able  to  inhibit  neurotensin  binding  to  its  receptor  in  HT-29  cell 
membranes  with  an  IC50  ~  3  pM  [40],  The  direct  neurotensin  an¬ 
tagonism  of  Cpt  A,  however,  was  contradicted  by  the  fact  that  it 
also  increased  intracellular  Ca2+  levels,  which  could  not  be  blocked 
by  neurotensin  antagonists  [40],  Furthermore,  Cpt  A  showed  simi¬ 
lar  activity  in  two  unrelated  cell  lines  that  did  not  express  neuro¬ 
tensin  receptors  indicating  that  the  mechanism  of  action  is  unlikely 
to  be  mediated  through  an  interaction  with  the  neurotensin  receptor 
[40] .  Recent  studies  using  the  cyclotide  kalata  B1  have  shown  that 
cyclotides  are  able  to  modulate  membrane  permeability  by  the  for¬ 
mation  of  membrane  pores  with  channel-like  activity  and  no  or 
little  selectivity  for  specific  cations  [124],  The  formation  of  similar 
channels  by  Cpt  A  could  explain  the  increase  on  intracellular  Ca2+ 
levels,  although  this  has  not  yet  been  tested.  Unfortunately,  there 
has  been  no  follow-up  on  the  neurotensin  antagonism  of  Cpt  A 
beyond  the  original  report. 

Antitumor  Activity 

Several  studies  have  reported  the  selective  cytotoxicity  of  some 
cyclotides  against  cancer  cells  compared  to  normal  cells  [27,  125, 
126],  In  addition,  the  cytotoxic  activity  has  been  demonstrated  us¬ 
ing  primary  cancer  cell  lines  [27],  Although  the  mechanism  for 
cytotoxic  activity  of  cyclotides  is  not  totally  well  understood,  it  has 
been  suggested  that  disturbance  of  the  membrane  integrity  may  be 
the  cause  for  the  cytotoxic  activity.  This  is  supported  by  the  ability 
of  cycloviolacin  02,  one  of  the  most  active  anticancer  cyclotides,  to 
disrupt  tumor  cell  membranes  [127],  Cancer  cells  differ  from  nor¬ 
mal  cells  in  the  lipid  and  glycoprotein  composition,  which  alters  the 
overall  net  charge.  For  example,  it  has  been  shown  that  cancer  cells 
express  larger  amounts  of  anionic  phosphatidylserine  phospholipids 
and  O-glycosylated  mucins,  which  typically  confers  a  net  negative 
charge  to  their  membranes  [128J.  These  differences  are  believed  to 
play  a  major  role  in  the  cytotoxic  selectivity  of  peptides  with  anti¬ 
cancer  activity  [128].  It  is  worth  noting  that  cyclotide  cytotoxicity  is 
not  only  related  to  the  three-dimensional  structure  but  also  to  spe¬ 
cific  amino  acid  residues  within  the  sequence  [126,  129,  130],  For 
example,  small  modifications  in  the  sequence  of  the  bracelet  cy¬ 
clotide  cycloviolacin  02  have  been  shown  to  have  a  great  impact  on 
cytotoxicity  [129,  130].  Modification  of  the  three  positively 
charged  residues  in  loops  5  and  6  as  well  as  the  Glu  residue  in  loop 
1  decreased  the  cytotoxic  activity  sevenfold  and  48-fold,  respec¬ 
tively  [129].  More  recent  studies  have  also  revealed  that  modifica¬ 
tion  of  the  Trp  residue  in  loop  2  has  a  detrimental  effect  on  the 
cytotoxic  activity  of  cycloviolacin  02  [130].  Similar  results  were 
also  obtained  for  the  cyclotide  varv  A,  a  Mobius  cyclotide  with 
high  anticancer  activity  isolated  from  the  plant  Viola  arvensis 
[130], 

All  of  these  studies  suggest  that  differences  in  membrane  com¬ 
position  and  cyclotide  primary  sequence  modulate  membrane  bind¬ 
ing  and  the  cytotoxic  effects  of  cyclotides.  A  more  comprehensive 
structural  study  on  the  membrane-binding  properties  of  cyclotides 
will  be  required  to  have  a  better  understanding  on  their  antitumor 
mechanism  of  action. 

Toxicity 

Some  cyclotides  have  been  reported  to  have  several  toxic  ef¬ 
fects.  For  example,  some  cyclotides  have  been  found  to  cause  ex¬ 
tensive  hemolysis  of  human  and  rat  erythrocytes,  with  HD50  (hemo¬ 
lytic  dose)  values  ranging  from  5  (iM  to  300  pM  [15,  119,  131]. 
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The  large  variation  in  HD50  value  reflects  different  experimental 
conditions  such  as  temperature  and  incubation  time.  The  cyclotide 
kalata  B 1  has  strong  hemolytic  activity  and  its  lethal  dose  (LD50)  in 
rats  and  rabbits  has  been  reported  to  be  1.0  mg/kg  and  1.2  mg/kg, 
respectively,  when  it  was  injected  intravenously.  This  cyclotide  has 
also  been  reported  to  produce  cardiotoxic  effects  associated  with 
increased  arterial  blood  pressure  and  tachycardia  [38].  Interestingly, 
the  strong  hemolytic  activity  of  kalata  B1  can  be  eliminated  by 
mutation  to  Ala  of  any  one  of  eight  residues  located  in  the  bioactive 
face  of  the  molecule  LI 32],  This  suggests  that  it  may  be  possible  to 
eliminate  other  toxic  effects  by  single  mutation  although  this  has 
yet  to  be  tested. 

It  is  worth  noting  that  some  other  naturally  occurring  cyclotides 
have  markedly  reduced  or  no  toxic  effects  at  all.  For  example,  the 
trypsin  inhibitor  cyclotides  MCoTI-1  and  -II  are  non-hemolytic  and 
non-toxic  to  human  cells  up  to  a  concentration  of  100  (tM  [35],  and 
therefore  provide  an  excellent  scaffold  for  the  design  of  novel  cy¬ 
clotides  with  new  biological  activities.  MCoTI-cyclotides  are  also 
particularly  interesting  from  a  pharmaceutical  perspective  because 
of  their  ability  to  penetrate  cells  and  therefore  interact  with  intracel¬ 
lular  targets  [35,  36,  133]. 

ENGINEERING  CYCLOTIDES  WITH  NOVEL  ACTIVITIES 

The  unique  properties  associated  with  the  cyclotide  scaffold 
make  them  extremely  valuable  tools  in  drug  discovery  [1,  4,  117], 
For  example,  the  cyclic  cystine  knot  (CCK)  framework  gives  cy¬ 
clotides  a  compact,  highly  rigid  structure  [2],  which  confers  excep¬ 
tional  resistance  to  thermal/chemical  denaturation,  and  enzymatic 
degradation  [3].  Cyclotide  can  also  be  readly  produced  by  chemical 
synthesis  [14]  and  expressed  in  cells  using  standard  cloning  vectors 
[18-20],  Moreover,  their  high  tolerance  to  mutations  makes  them 
ideal  scaffolds  for  molecular  grafting  and  evolution  in  order  to  gen¬ 
erate  novel  cyclotides  with  new  biological  activities  [20,  34],  Even 
more  importantly,  MCoTI-cyclotides  have  been  shown  recently  to 


be  able  to  enter  human  macrophages,  breast  and  ovarian  cancer  cell 
lines  L35,  36]. 

The  high  plasticity  and  tolerance  to  substitution  of  the  cyclotide 
scaffold  was  first  demonstrated  by  replacing  some  of  the  hydropho¬ 
bic  residues  in  loop  5  of  cyclotide  kalata  B 1  with  polar  and  charged 
residues  [31],  The  mutated  cyclotides  retained  the  native  fold  of 
kalata  Bl,  but  were  no  longer  hemolytic  [31],  More  recently,  our 
group  has  preformed  a  similar  study  on  the  cyclotide  MCoTI-I, 
where  all  residues  located  in  loops  1  through  5  were  replaced  by 
different  amino  acids.  In  this  study  only  2  from  a  total  of  26  mu¬ 
tants  were  not  able  to  fold  efficiently  [20],  These  studies  demon¬ 
strate  the  high  plasticity  of  the  cyclotide  scaffold  to  mutations  thus 
opening  the  possibility  to  introduce  or  graft  foreign  sequences  onto 
them  without  affecting  the  native  fold.  Fig.  (6)  highlights  several 
studies  that  have  used  the  cyclotide  molecular  scaffold  to  graft  pep¬ 
tide  sequences  and  to  generate  libraries  for  the  purpose  of  engineer¬ 
ing  cyclotides  with  novel  biological  functions.  It  should  be  noted, 
however,  that  the  great  stability  and  robustness  of  cyclotide  frame¬ 
work  makes  necessary  to  be  careful  when  grafting  a  peptide  se¬ 
quence  into  the  peptide  scaffold.  It  is  important  to  be  sure  that  the 
structure  of  the  peptide  displayed  on  the  cyclotide  will  not  be  dis¬ 
torted  by  the  conformation  requirements  of  the  cyclotide  leading  to 
a  non-biologically  active  conformation  of  the  grafted  sequence. 

The  potential  pharmaceutical  applications  of  grafted  cyclotides 
were  first  demonstrated  in  two  recent  studies  aimed  to  develop 
novel  anti-cancer  [75]  and  anti-viral  peptide-based  therapeutics  [17] 
Fig.  (6).  The  development  of  anti-cancer  cyclotides  involved  graft¬ 
ing  a  peptide  antagonist  of  angiogenesis  onto  the  kalata  B 1  scaffold 
[75].  Tumor  growth  is  usually  associated  with  unregulated  angio¬ 
genesis  and  therefore  molecules  with  anti-angiogenic  activity  have 
potential  applications  in  cancer  treatment.  In  this  study  an  Arg-rich 
peptide  antagonist  for  the  interaction  of  vascular  endothelial  growth 
factor  A  (VEGF-A)  with  its  receptor  was  individually  grafted  into 
loops  2,  3  and  5  of  kalata  Bl  [75].  The  cyclotide  grafted  into  loop  3 


VEGF-A  antagonist 
grafted  into  loop  3  of 
kalata  Bl  [75] 


Amenable  to 
changes  based  on 
library  of  MCoTI-I 
mutants  [20] 


Amenable  to 
changes  based  on 
library  of  of  MCoTI-I 
mutants  [20] 


FMDV  3C  protease 
inhibition  by  grafting  into 
loop  1  of  MCoTI-ll  [17] 


HLA  protease  inhibition  by 
K10V  mutation  in  loop  1  of 
MCoTI-ll  [134] 


Loop  1 


P-Tryptase  inhibition  by 
[SDGG]  deletion  in  loop  6 
of  MCoTI-ll  [134,  135] 


Fig.  (6).  Summary  of  some  of  the  modifications  made  to  kalata  B 1  and  MCoTI-II  to  elicit  novel  biological  activities.  Modifications  include  the  grafting  of 
peptides  onto  various  loops  of  kalata  Bl  [75]  and  MCoTI-II  [17,  134,  135].  Cyclotide  based  libraries  have  been  also  generated  using  loops  1,  2,  3,  4  and  5  of 
MCoTI-I  to  study  the  effect  of  individual  mutations  on  the  biological  activity  and  folding  ability  of  MCoTI-I  mutants  [20].  Tte  locations  of  the  changes  intro¬ 
duced  into  the  cyclotide  framework  are  illustrated  using  the  MCoTI-II  structure  (pdb  ID:  1IB9). 
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showed  the  highest  activity  in  blocking  VEGF-A  receptor  binding 
(IC50  =12  pM)  when  compared  with  that  of  the  isolated  grafted 
peptide  epitope  as  well  as  the  other  grafted  cyclotides.  Although 
this  is  the  first  example  of  a  successful  functional  redesign  of  a 
cyclotide,  it  should  be  noted  that  the  biological  activity  would  still 
need  to  be  improved  by  several  orders  of  magnitude  for  a  potential 
application  in  vivo. 

Additionally,  the  hemolytic  activity  of  the  grafted  katala  B1 
was  completely  removed  and  the  proteolytic  susceptibility  of  the 
Arg-rich  grafted  peptide  was  greatly  diminished  when  compared  to 
that  of  the  isolated  peptide  sequence.  This  study  clearly  demon¬ 
strates  that  cyclotides  can  be  used  as  molecular  scaffolds  for  dis¬ 
playing  and  stabilizing  pharmacologically  relevant  active  peptide 
sequences. 

The  utility  of  the  cyclotide  scaffold  in  drug  design  has  also  been 
recently  shown  by  engineering  non-native  activities  into  the  cy¬ 
clotide  MCoTI-Il  [17].  MCoTl-II  is  a  member  of  the  trypsin  inhibi¬ 
tor  subfamily.  Trypsin  inhibitor  cyclotides  are  strong  inhibitors  of 
trypsin  (K,  ~  20  pM)  and  other  trypsin-like  proteases.  In  these  cy¬ 
clotides,  loop  1  is  responsible  for  binding  to  the  selectivity  pocket 
of  trypsin  [62],  In  this  work,  the  loop  1  of  MCoTI-II  was  engi¬ 
neered  to  be  able  to  inhibit  other  proteases  [17].  Interestingly,  sev¬ 
eral  analogs  showed  activity  against  the  foot-and-mouth-disease 
virus  (FMDV)  3C  protease  in  the  low  pM  range  [17].  The  FMDV 
3C  protease  is  a  Cys  protease  key  for  viral  replication  and  therefore 
a  potential  target  for  the  development  of  novel  anti-viral  therapeu¬ 
tics.  This  is  the  first  reported  peptide-based  inhibitor  for  this  prote¬ 
ase.  Although  the  potency  was  relatively  low,  this  study  demon¬ 
strates  the  potential  of  using  MCoTI-based  cyclotides  for  designing 
novel  protease  inhibitors  [17], 

In  a  more  recent  study,  the  same  authors  were  also  able  to  gen¬ 
erate  inhibitors  of  the  serine  proteases  (3-tryptase  and  human  leuko¬ 
cyte  elastase  (HLE)  using  the  cyclotide  MCoTI-II  as  a  molecular 
scaffold  [134],  These  two  proteases  are  pharmacologically  relevant 
drug  targets  that  have  been  associated  with  respiratory  and  pulmo¬ 
nary  disorders  (HLE)  and  implicated  in  allergic  and  inflammatory 
disorders  ((3-tryptase).  In  this  work,  Leatherbarrow  and  co-workers 
replaced  the  PI  residue  in  loop  1  to  produce  several  MCoTI-II  mu¬ 
tants  (K6A  and  K6V )  that  showed  activity  against  HLE  in  the  low 
nM  range  ( K \  ~  25  nM)  and  relatively  low  activity  against  trypsin 
(Kj  >  1  pM)  [134].  Interestingly,  the  same  authors  also  showed  that 
removal  of  the  SDGG  peptide  segment  in  loop  6  yielded  a  relative 
potent  (3-tryptase  inhibitor  (K,~  10  nM)  without  significantly  alter¬ 
ing  the  three-dimensional  structure  of  the  resulting  cyclotide  as 
determined  by  NMR  [134].  The  authors  hypothesized  that  the  re¬ 
moval  of  the  Asp  residue  from  loop  6  removes  repulsive  electro¬ 
static  and  steric  interactions  with  (3-tryptase  thus  improving  the 
inhibitory  constant  160-fold  when  compared  to  the  wild-type 
MCoTI-II. 

Kolmar  and  co-workers  have  also  recently  reported  the  design 
of  a  series  of  inhibitors  of  human  mast  cell  tryptase  beta  using  the 
cyclotide  MCoTI-11  as  scaffold  [135].  In  this  interesting  work,  the 
authors  introduced  additional  positive  charge  in  the  loop  6  of 
MCoTI-II.  The  resulting  engineered  cyclotides  were  able  to  inhibit 
all  the  monomers  of  the  tryptase  beta  tetramer  with  K;  values 
around  1  nM. 

Proteases  are  well-recognized  drug  targets  and  many  diseases 
including  inflammatory  and  pulmonary  diseases,  cancer,  cardiovas¬ 
cular  and  neurodegenerative  conditions  have  been  associated  with 
abnormal  expression  levels  of  proteases  [136J.  These  two  examples 
demonstrate  that  trypsin  inhibitor  cyclotides  can  be  re-engineered  to 
tailor  their  specificity  for  proteases  other  than  trypsin,  which  has 
potential  applications  in  drug  development  for  protease  targeting. 


Current  Pharmaceutical  Design,  2011,  Vol.  17,  No.  38  4303 

SCREENING  OF  CYCLOTIDE-BASED  LIBRARIES 

The  ability  to  produce  natively  folded  cyclotides  in  vivo  dis¬ 
cussed  earlier  opens  up  the  intriguing  possibility  of  generating  large 
libraries  of  genetically-encoded  cyclotides  potentially  containing 
billions  of  members.  This  tremendous  molecular  diversity  should 
allow  the  selection  strategies  mimicking  the  evolutionary  processes 
found  in  nature  to  select  novel  cyclotide  sequences  able  to  target 
specific  molecular  targets. 

The  potential  for  generating  cyclotide  libraries  was  first  ex¬ 
plored  by  our  group  using  the  kalata  B1  scaffold  [18].  In  this  work 
wild-type  and  several  mutants  of  kalata  B1  were  biosynthesized 
using  an  intramolecular  native  chemical  ligation  facilitated  by  a 
modified  protein  splicing  unit  Fig.  (5).  The  study  generated  six 
different  linear  versions  of  kalata  Bl,  which  were  expressed  in  E. 
coli  as  fusions  to  a  modified  version  of  the  yeast  vacuolar  mem¬ 
brane  ATPase  (VMA)  intein.  The  in  vitro  folding  and  cyclization  of 
the  different  kalata  B 1  linear  precursors  did  not  occur  equally,  sug¬ 
gesting  that  the  predisposition  to  adopt  a  native  fold  of  the  corre¬ 
sponding  linear  precursor  may  determine  the  efficiency  of  the 
cleavage/cyclization  step  [18J.  This  information  was  used  to  ex¬ 
press  a  small  library  based  on  the  kalata  Bl  scaffold.  Cyclization 
and  concomitant  folding  of  the  library  was  successfully  performed 
in  vitro  using  a  redox  buffer  containing  reduced  GSH  as  a  thiol  co¬ 
factor  therefore  mimicking  the  intracellular  conditions  [18J. 

We  have  also  demonstrated  that  this  approach  can  be  used  for 
the  production  of  cyclotides  inside  live  E.  coli  cells  [19].  In  this 
study,  the  cyclotide  MCoTI-II  was  efficiently  produced  in  living  E. 
coli  cells  by  in  vivo  processing  of  the  corresponding  intein  fusion 
precursor.  In  order  to  improve  the  expression  yield  of  the  precursor 
protein  and  boost  the  expression  of  folded  cyclotide  the  bacterial 
gyrase  A  intein  from  Mycobacterium  xenopus  was  used  in  this 
study  instead  [19].  This  intein  has  been  shown  to  express  at  higher 
yields  than  the  yeast  VMA  intein  in  E.  coli  expression  systems  [19J. 
Using  this  approach,  folded  MCoTI-I  can  be  expressed  in  E.  coli 
cells  to  an  intracellular  concentration  of  low  pM  [19]. 

More  recently,  our  group  has  extended  this  technology  to  the 
biosynthesis  of  a  genetically  encoded  library  of  MCoTI-I  based 
cyclotides  [20].  In  this  case,  the  cyclization/folding  of  the  library 
was  performed  either  in  vitro,  by  incubation  with  a  redox  buffer 
containing  GSH,  or  by  in  vivo  self-processing  of  the  corresponding 
cyclotide-intein  precursors.  The  cyclotide  library  was  purified  and 
screened  for  activity  using  trypsin-immobilized  sepharose  beads. 
The  library  was  designed  to  mutate  every  single  amino  acid  in  loops 
1,  2,  3,  4  and  5  to  explore  the  effects  on  folding  and  trypsin  binding 
activity  of  the  resulting  mutants.  Interestingly,  only  two  mutations 
(G27P  and  I22G)  out  of  the  26  substitutions  studied  were  able  to 
negatively  affect  the  folding  of  the  resulting  cyclotides.  The  I22G 
mutation  affects  loop  4,  which  is  only  formed  by  one  residue.  This 
loop  forms  part  of  the  cyclotide  scaffold,  which  may  explain  the 
deficient  folding  of  this  mutant.  The  G27P  mutation  is  located  at 
the  end  of  loop  5.  Intriguingly,  this  position  is  occupied  by  a  Pro 
residue  in  Mobius  cyclotides  and  is  required  for  efficient  folding.  It 
is  also  interesting  to  remark  that  although  these  two  mutants  were 
not  able  to  fold  efficiently,  the  natively  folded  form  was  still  able  to 
bind  trypsin  [20],  The  rest  of  the  mutants  were  able  to  cyclize  and 
fold  with  similar  yields.  As  expected,  the  mutant  K6A-MC0TI-I 
was  not  able  to  bind  trypsin  under  the  conditions  used  in  the  ex¬ 
periment  although  adopted  a  native  cyclotide  fold  as  determined  by 
NMR  [20].  As  mentioned  before,  this  residue  is  key  for  binding  to 
the  specificity  pocket  of  trypsin,  and  it  can  be  modified  to  change 
the  inhibitory  specificity  of  the  resulting  MCoTl-cyclotide  to  target 
other  proteases  [17,  134J.  The  affinity  of  each  member  of  the 
MCoTI-library  for  trypsin  was  assayed  using  a  competitive  trypsin¬ 
binding  assay  [20],  The  mutant  cyclotides  with  less  affinity  were 
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mostly  found  in  loop  1  and  the  C-terminal  region  of  loop  6,  both 
well  conserved  among  other  squash  trypsin  inhibitors.  These  results 
combined  with  similar  studies  performed  in  kalata  B1  [132]  con¬ 
firm  the  high  plasticity  and  tolerance  to  mutations  of  the  cyclotide 
framework,  thus  providing  an  ideal  scaffold  for  the  biosynthesis  of 
large  combinatorial  libraries  inside  living  bacterial  cells.  These 
genetically-encoded  libraries  can  be  screened  in-cell  for  biological 
activity  using  high-throughput  flow  cytometry  techniques  for  the 
rapid  selection  of  novel  biologically  active  cyclotides  [18,  137, 
138], 

CONCLUDING  REMARKS 

Cyclotides  are  a  new  emerging  family  of  highly  stable  plant- 
derived  backbone-cyclized  polypeptides  that  share  a  disulfide- 
stabilized  core  characterized  by  an  unusual  knotted  structure.  Their 
unique  circular  backbone  topology  and  knotted  arrangement  of 
three  disulfide  bonds  provides  a  compact,  highly  rigid  structure  [2] 
which  confers  exceptional  resistance  to  thermal/chemical  denatura- 
tion  and  enzymatic  degradation  [3  ],  They  can  be  also  chemically 
synthesized  allowing  the  introduction  of  chemical  modifications 
such  as  non-natural  amino  acids  and  PEGylation  to  improve  their 
pharmacological  properties  [14,  16,  17,  139].  Cyclotides  can  also  be 
expressed  in  bacterial  cells,  and  are  amenable  to  substantial  se¬ 
quence  variation,  thus  making  them  ideal  substrates  for  molecular 
evolution  strategies  to  enable  generation  and  selection  of  com¬ 
pounds  with  optimal  binding  and  inhibitory  characteristics  [18-20], 
Finally,  cyclotides  have  been  shown  to  be  able  to  cross  human  cell 
membranes  [35,  36,  133].  Folded  cyclotides  are  extremely  resistant 
to  chemical,  physical  and  proteolytic  degradation  [3,  4],  Cyclotides 
have  also  been  shown  to  fold  inside  bacterial  cells  [19,  20],  which 
have  a  more  reductive  cytosolic  environment  than  eukaryotic  cells 
and  therefore  is  highly  unlikely  that  they  were  reduced  in  the  cyto¬ 
sol  of  mammalian  cells.  Altogether,  these  characteristics  make  them 
promising  leads  or  frameworks  for  peptide  drug  design  [4,  31,  32, 
117]. 
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ABSTRACT:  Defensins  are  antimicrobial  peptides  that  are  important  in  the  innate  immune  defense  of  mammals.  Upon 
stimulation  by  bacterial  antigens,  enteric  a-defensins  are  secreted  into  the  intestinal  lumen  where  they  have  potent  microbicidal 
activities.  Cryptdin-4  (Crp4)  is  an  a-defensin  expressed  in  Paneth  cells  of  the  mouse  small  intestine  and  the  most  bactericidal  of 
the  known  cryptdin  isoforms.  The  structure  of  Crp4  consists  of  a  triple-stranded  antiparallel  /1-sheet  but  lacks  three  amino  acids 
between  the  fourth  and  fifth  cysteine  residues,  making  them  distinct  from  other  a-defensins.  The  structure  also  reveals  that  the  a- 
amino  and  C-terminal  carboxylic  groups  are  in  the  proximity  of  each  other  (d  «  3  A)  in  the  folded  structure.  We  present  here  the 
biosynthesis  of  backbone-cyclized  Crp4  using  a  modified  protein  splicing  unit  or  intein.  Our  data  show  that  cyclized  Crp4  can  be 
biosynthesized  by  using  this  approach  both  in  vitro  and  in  vivo,  although  the  expression  yield  was  significantly  lower  when  the 
protein  was  produced  inside  the  cell.  The  resulting  cyclic  defensins  retained  the  native  a-defensin  fold  and  showed  equivalent  or 
better  microbicidal  activities  against  several  Gram-positive  and  Gram-negative  bacteria  when  compared  to  native  Crp4.  No 
detectable  hemolytic  activity  against  human  red  blood  cells  was  observed  for  either  native  Crp4  or  its  cyclized  variants.  Moreover, 
both  forms  of  Crp4  also  showed  high  stability  to  degradation  when  incubated  with  human  serum.  Altogether,  these  results 
indicate  the  potential  for  backbone-cyclized  defensins  in  the  development  of  novel  peptide-based  antimicrobial  compounds. 


The  cyclization  of  peptides  has  commonly  been  used  to 
generate  more  active  and  stable  scaffolds  for  therapeutic 
purposes.1-6  In  general,  backbone-cyclized  peptides  are  more 
resistant  than  linear  peptides  to  chemical,  thermal,  and 
enzymatic  degradation.7  Because  circular  peptides  have  no  N- 
and  C-termini,  they  are  more  rigid,  endowing  them  with  the 
ability  to  persist  in  physiologic  environments  such  as  blood 

3,6 

serum. 

The  production  of  backbone-cyclized  or  circular  peptides  can 
be  performed  chemically  by  using  solid-phase  peptide  synthesis 
in  combination  with  native  chemical  ligation8-1'1  or  recombi- 
nantly  in  bacteria  by  using  modified  protein  splicing  units  or 
inteins. 14-16  The  latter  method  has  been  used  for  the 
biosynthesis  of  several  disulfide-rich  cyclic  peptides  such  as 
cyclotides17’18  and  sunflower  trypsin  inhibitor  1  (SFTI-l).19  The 
expression  of  cyclic  peptides  in  vivo  has  many  applications, 
including  the  generation  of  peptide  libraries  for  high-throughput 
screening  of  biological  activities  such  as  antimicrobial  activity  or 


specific  inhibition  of  protein— protein  interactions  involved  in 
various  pathologies. 

Mammalian  defensins  are  a  family  of  disulfide-stabilized,  host 
defense  peptides.”  ”  They  are  classically  known  for  their 
antimicrobial  activities  but  play  a  role  in  many  other  defense 
mechanisms,  including  wound  healing,25'26  immune  modula¬ 
tion,27  30  neutralization  of  endotoxin,31  33  and  anticancer 
activities.  Mammalian  defensins  are  cationic  peptides  with 
largely  /1-sheet  structures  and  six  conserved  cysteines,  which 
form  three  intramolecular  disulfide  bonds  (Figure  l).  They  are 
divided  into  three  structurally  distinct  groups,  a-,  /?-,  and  0- 
defensins.  The  overall  fold  of  a-  and  /Ldefensins  is  quite  similar 
despite  differences  in  disulfide  connectivities,  and  the  presence 
of  an  N-terminal  a-helix  segment  in  /i-defensins  that  is  lacking 
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B 


Mouse 


Cryptdin-4 

Cryptdin-1 

Cryptdin-2 

Cryptdin-3 

Cryptdin-5 

Cryptdin-6 


GLLCYCRKGHCKRGERVRGTC — G- I RFLYCCPRR 
LRDLVCYCRSRGCKGRERMNGTCRKGHLLYTLCCR 
LRDLVCYCRTRGCKRRERMNGTCRKGHLMYTLCCR 
LRDLVCYCRKRGCKRRERMNGTCRKGHLMYTLCCR 
LSKKLICYCRIRGCKRRERVFGTCRNLFLTFVFCCS 
LRDLVCYCRARGCKGRERMNGTCRKGHLLYMLCCR 


Rabbit 


T  NP-1 
|_RK-1 


WCACRRALCL  PRERRAG  FCR I RGRI H  PLCCRR 
MFCSCKKY-CDPWEVIDGSCGLFNSKY-ICCREK 


Human 


HD-5 

HD-6 

HNP-1 


ATCYCRTGRCATRESLSGVCEISGRLYRLCCR 
AFTCHCR-RSCYSTEYSYGTCTVMGINHRFCCL 
AC YCRI PACI AGERRYGTCI Y IGRLWAFCC 


Figure  1.  (A)  Tertiary  structure  of  Crp4  (Protein  Data  Bank  entry  1TV0).35  (B)  Primary  structures  of  representative  a-defensins  from  mouse, 
rabbit,  and  human.  The  six  conserved  cysteines  are  highlighted,  and  the  canonical  1—6,  2—4,  and  3—5  disulfide  connectivities  are  shown  at  the  top  of 
the  sequences. 


in  a-defensins.35  (9-Defensins,  on  the  other  hand,  are  cyclic 
peptides  formed  by  the  head-to-tail  covalent  assembly  of  two 
nonapeptides  and,  to  date,  are  the  only  known  cyclic 
polypeptides  expressed  in  animals.2” 

The  antibacterial  activity  of  a-  and  /i-defensins  is  highly 
dependent  on  the  ionic  strength  of  the  media,  and  salt- 
dependent  inactivation  of  defensins  in  patients  with  cystic 
fibrosis  has  been  proposed  as  the  potential  cause  of  chronic 
pulmonary  infections  in  these  patients.36  The  antimicrobial 
activity  of  the  naturally  cyclic  0-defensins,  in  contrast,  has  been 
shown  to  be  less  sensitive  to  salt  concentration  than  those  of  al¬ 
and  ^-defensins.22  This  difference  has  been  attributed  to  the 
circular  structure  of  0-defensins  because  the  acyclic  forms  are 
more  salt  sensitive.2”  In  agreement  with  this,  replacement  of 
Cys  pairs  with  Gly  in  the  rabbit  a-defensin  neutrophil  peptide  1 
(NP-l)  and  backbone  cyclization  provided  biologically  active 
defensin  analogues  that  were  less  sensitive  to  salt.37  However, 
no  studies  of  the  stability  of  these  analogues  were  performed. 

Intrigued  by  these  results,  we  decided  to  investigate  further 
the  effects  of  backbone  cyclization  on  the  activity  and  stability 
of  fully  folded  a-defensins.  In  this  work,  we  have  used  the  a- 
defensin  cryptdin-4  (Crp4)  from  murine  Paneth  cells  as  a 
model  system.38  Cryptdins  are  secreted  into  the  crypt  lumen  by 
mouse  small  intestinal  Paneth  cells39  4"  where  they  exert 
potent  microbicidal  effects  and  determine  the  composition  of 
the  ileal  microbiome. 38,43-45  Cryptdins  exhibit  very  similar 
antibacterial  activity  against  Gram-positive  and  Gram-negative 
bacteria,  with  Crp4  displaying  the  greatest  microbicidal  activity 
in  in  vitro  assays.46  Cryptdins  are  classified  as  enteric  defensins, 


and  homologues  have  been  found  in  other  mammals.42,47  The 
structure  of  Crp4  consists  of  a  triple-stranded  antiparallel  /?- 
sheet35  but  lacks  three  amino  acids  between  the  fourth  and  fifth 
cysteine  residues,  making  them  distinct  from  other  a-defensins 
(Figure  l).  The  structure  also  reveals  that  the  a-amino  and  C- 
terminal  carboxylic  groups  are  proximal  in  the  folded  structure 
(Figure  l),  suggesting  that  the  introduction  of  backbone 
cyclization  at  this  point  could  help  to  stabilize  the  defensin 
scaffold  without  disrupting  its  structure  and  biological  activity. 

Here  we  present  the  recombinant  expression  and  character¬ 
ization  of  several  backbone  cyclized  analogues  of  fully  folded 
Crp4.  Backbone  cyclization  was  performed  in  vitro  and  in  vivo 
using  an  intramolecular  intein-mediated  cyclization  in  Escher¬ 
ichia  coli  cells.48  The  expression  yields  of  folded  cyclized  Crp4 
in  vivo  were,  however,  lower  than  those  obtained  when  the 
cyclization  and  folding  were  performed  in  vitro  from  the  intein 
fusion  precursors.  Our  data  also  show  that  cyclized  versions  of 
Crp4  adopt  a  native  folded  structure  and  exhibit  equal  or  better 
microbicidal  activities  against  several  Gram-positive  and  Gram¬ 
negative  bacteria  than  native  Crp4  (Crp4-wt).  Native  and 
cyclized  variants  of  Crp4  were  antimicrobial  in  the  presence  of 
human  serum,  and  the  biological  activity  of  cyclized  Crp4  was 
slightly  less  affected  by  the  presence  of  160  mM  sodium 
chloride  than  native  Crp4.  Also,  neither  native  nor  cyclized 
Crp4  showed  detectable  hemolytic  activity  against  human  red 
blood  cells.  Moreover,  both  native  and  cyclized  Crp4  showed 
remarkable  resistance  to  degradation  in  100%  human  serum 
with  half-life  values  of  >48  h.  Altogether,  these  results  indicate 
that  backbone  cyclization  provides  a  means  for  engineering 
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defensins  to  improve  biological  activity  while  providing 
excellent  stability  to  serum  degradation,  highlighting  the 
potential  of  these  peptide  scaffolds  for  the  development  of 
novel  antimicrobial  compounds. 

■  EXPERIMENTAL  PROCEDURES 

Analytical  reverse-phase  HPLC  (RP-HPLC)  was  performed  on 
an  HP1100  series  instrument  with  220  and  280  nm  detection 
using  a  Vydac  C4  or  C18  column  (5  mm,  4.6  mm  X  150  mm) 
at  a  flow  rate  of  1  mL/min.  Semipreparative  RP-HPLC  was 
performed  on  a  Waters  Delta  Prep  system  fitted  with  a  Waters 
2487  ultraviolet— visible  (UV— vis)  detector  using  a  Vydac  C4 
column  (5  //m,  10  mm  X  250  mm)  at  a  flow  rate  of  5  mL/min. 
All  runs  used  linear  gradients  of  0.1%  aqueous  trifluoroacetic 
acid  (TFA,  solvent  A)  versus  0.1%  TFA  and  90%  MeCN  in 
H20  (solvent  B).  UV— vis  spectroscopy  was  conducted  on  an 
Agilent  8453  diode  array  spectrophotometer.  Electrospray  mass 
spectrometry  (ES-MS)  was  performed  on  an  Applied 
Biosystems  API  3000  triple  quadrupole  mass  spectrometer. 
Calculated  masses  were  obtained  by  using  ProMac  version 
1.5.3.  Protein  samples  were  analyzed  on  sodium  dodecyl  sulfate 
polyacrylamide  gel  electrophoresis  (SDS— PAGE)  4  to  20% 
Tris-glycine  gels  (Lonza,  Rockland,  ME).  The  gels  were  then 
stained  with  Pierce  (Rockford,  IL)  Gelcode  Blue,  photographed 
and  digitized  using  a  Kodak  (Rochester,  NY)  ED  AS  290  instru¬ 
ment,  and  quantified  using  NIH  Image-J  (http://rsb.info.nih. 
gov/ij/).  DNA  sequencing  was  performed  by  the  DNA 
Sequencing  and  Genetic  Analysis  Core  Facility  at  the  University 
of  Southern  California  using  an  ABI  3730  DNA  sequencer,  and 
the  sequence  data  were  analyzed  with  DNAStar  (Madison,  WI) 
Lasergene  version  8.0.2.  All  chemicals  were  obtained  from 
Sigma-Aldrich  (Milwaukee,  WI)  unless  otherwise  indicated. 

Cloning  and  in  Vitro  Expression  of  Backbone-Cyclized 
Crp4  Variants.  Synthetic  DNA  oligos  (Integrated  DNA 
Technologies,  Corafville,  LA)  encoding  the  different  back- 
bone-cychzed  Crp4  analogues  (Table  SI  of  the  Supporting 
Information)  were  annealed  and  ligated  into  the  pTXBl  vector 
(New  England  Biolabs,  Ipswich,  MA)  using  the  Ndel  and  SapI 
restriction  sites  as  described  previously.17,49  The  resulting 
plasmids  were  transformed  into  either  BL2l(DE3)  or 
Origami2(DE3)  cells  (EMD  Chemicals,  Gibbstown,  NJ)  and 
grown  in  LB  broth.  Transformed  BL2l(DE3)  cells  were 
induced  with  0.3  mM  IPTG  for  4  h  at  30  °C  and  transformed 
Origami2(DE3)  cells  with  0.1  mM  IPTG  for  20  h  at  22  °C. 
Cells  were  lysed  in  0.1  mM  EDTA,  1  mM  PMSF,  50  mM 
sodium  phosphate,  and  250  mM  sodium  chloride  buffer  (pH 
7.2)  containing  5%  glycerol  by  sonication.  The  soluble  fraction 
was  incubated  with  chitin  beads  (New  England  Biolabs)  for  1  h 
at  4  °C,  and  the  beads  were  washed  with  column  buffer  [0.1 
mM  EDTA,  50  mM  sodium  phosphate,  and  250  mM  sodium 
chloride  buffer  (pH  7.2)]  containing  0.1%  Triton  X-100 
followed  by  washes  with  column  buffer  without  Triton  X-100. 
The  peptide  was  cyclized  and  folded  in  vitro  using  column 
buffer  at  pH  7.2  containing  50—100  mM  reduced  glutathione 
(GSH)  for  2—3  days  at  room  temperature  with  gentle  rocking. 
We  found  that  under  these  conditions  backbone-cyclized  Crp4 
variants  bind  strongly  to  the  chitin  column  and  therefore  were 
eluted  using  8  M  GdmCl  in  water.  The  corresponding 
supernatant  and  washes  were  pooled,  and  the  backbone- 
cyclized  Crp4  peptides  were  purified  by  semipreparative  HPLC 
using  a  linear  gradient  from  20  to  40%  solvent  B  over  30  min. 
Purified  products  were  characterized  by  HPLC  and  ES-MS.  All 
Crp4  variants  were  quantified  by  UV— vis  using  a  molar 


absorption  coefficient  of  3365  M_1  cm-1.  The  expression  of 
Crp4— intein  fusion  precursors  was  quantified  by  first 
desorption  of  the  proteins  from  an  aliquot  of  chitin  beads 
using  8  M  GdmCl  and  then  measurement  by  UV— vis  using  a 
molar  absorption  coefficient  of  39015  M_1  cm-1. 

Preparation  of  Crp4-R/A.  The  linear  reduced  and 
alkylated  Crp4  (Crp4-R/A)  was  produced  by  expression  of 
the  Crp4-1  intein  precursor  in  BL2l(DE3)  cells  using  the 
induction  conditions  described  above.  After  purification  of  the 
fusion  with  chitin  beads,  Crp4-1  was  cleaved  from  the  intein 
using  100  mM  NH2OH  in  water  at  pH  7.2  for  18  h  at  room 
temperature.  The  resulting  linear  Crp4-1  peptide  was  reduced 
with  5  mM  DTT  at  37  °C  for  3  h  and  alkylated  with  12.5  mM 
iodoacetamide  for  10  min  at  room  temperature.  Crp4-R/A  was 
purified  by  semipreparative  HPLC  as  described  above.  The 
purified  product  was  characterized  by  HPLC  and  ES-MS 
(Figure  S7  of  the  Supporting  Information). 

Expression  of  Native  Crp4-wt  and  Crp4-6C/A.  Native 
Crp4-wt  and  Crp4-6C/A  were  expressed  in  E.  coli,  purified,  and 
refolded  as  previously  described.'’0,51 

Expression  of  15N-Labeled  Backbone-Cyclized  Crp4 
Variants.  Expression  was  conducted  using  BL2l(DE3)  cells  as 
described  above  except  they  were  grown  in  M9  minimal 
medium  containing  0.1%  15NH4C1  as  the  nitrogen  source.18,52 
Cyclization  and  folding  were  performed  as  described  above. 
The  15N-labeled  backbone-cyclized  Crp4  defensins  were 
purified  by  semipreparative  HPLC  as  described  above.  Purified 
products  were  characterized  by  HPLC  and  ES-MS  (Figure  S3 
of  the  Supporting  Information). 

In  Vivo  Expression  of  Crp4-1.  Origami2(DE3)  cells 
transformed  with  the  plasmid  encoding  the  intein  precursor 
of  Crp4-1  were  induced,  harvested,  and  lysed  as  described 
above.  The  insoluble  pellet  was  first  washed  three  times  with 
column  buffer  containing  0.1%  Triton  X-100  and  then  twice 
with  just  column  buffer.  The  resulting  pellet  was  dissolved  in  a 
minimal  amount  of  8  M  GdmCl  in  water.  Both  the  soluble  cell 
lysate  and  the  solubilized  cell  lysate  pellet  were  extracted  using 
C18  SepPak  cartridges  (Waters,  Milford,  MA)  with  elution  in  a 
MeCN/H20  mixture  (3:2,  v/v)  containing  0.1%  TFA.  The 
samples  were  analyzed  by  HPLC  and  tandem  mass 
spectrometry  (HPLC— MS/MS)  using  a  C18-HPLC  column 
(5  mm,  2.1  mm  X  100  mm),  and  H20/MeCN  buffers 
containing  0.1%  formic  acid  as  the  mobile  phase.  Typical 
analysis  used  a  linear  gradient  from  0  to  90%  MeCN  in  HzO 
over  10  min.  Detection  was  performed  on  an  API  3000  ES-MS 
instrument  using  a  multiple-reaction  monitoring  (MRM) 
mode.  Data  were  collected  and  processed  using  Analyst 
(Applied  Biosystems).  The  calibration  curve  using  purified 
cyclic  Crp4-1  was  found  to  be  linear  in  the  range  of  5—50  ng. 

NMR  Spectroscopy.  NMR  samples  were  prepared  by 
dissolving  15N-labeled  backbone-cyclized  Crp4  variants  in 
80  mM  potassium  phosphate  in  a  90%  H-,0/10%  2H,0  mixture 
(v/v)  or  100%  D20  to  a  concentration  of  approximately 
0.2  mM  with  the  pH  adjusted  to  4.5  or  6.0  by  addition  of  dilute 
HC1.  All  !H  NMR  data  were  recorded  on  a  Bruker  Avance  II 
700  MHz  spectrometer  equipped  with  a  cryoprobe.  Data  were 
acquired  at  27  °C,  and  2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS)  was  used  as  an  internal  reference.  All  three-dimensional 
(3D)  experiments,  [H{15N}  TOCSY-HSQC  and  ‘H^N} 
NOESY,  were  performed  according  to  standard  procedures53 
with  spectral  widths  of  12  ppm  in  the  proton  dimension  and 
35  ppm  in  the  nitrogen  dimension.  The  carrier  frequency  was 
centered  on  the  water  signal,  and  the  solvent  was  suppressed  by 
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Figure  2.  Biosynthesis  of  backbone-cyclized  Crp4  variants  using  a  modified  intein  in  combination  with  native  chemical  ligation.  CBD  stands  for 
chitin  binding  domain. 


using  a  WATERGATE  pulse  sequence.  TOCSY  (spin-lock  time 
of  80  ms)  and  NOESY  (mixing  time  of  150  ms)  spectra  were 
recorded  using  1024  t3  points,  256  t2  blocks,  and  128  t3  blocks 
of  16  transients.  Spectra  were  processed  using  Topspin  1.3 
(Bruker).  Each  3D  data  set  was  apodized  by  a  90°-shifted  sine 
bell-squared  process  in  all  dimensions  and  zero-filled  to  1024  X 
512  X  256  points  prior  to  Fourier  transformation.  Assigments 
for  the  backbone  nitrogens,  H“  and  H'  protons  (Figures  S4  and 
Tables  S2  and  S3  of  the  Supporting  Information),  were 
obtained  using  standard  procedures.53'54 

Bactericidal  Peptide  Assays.  Native  Crp4  (Crp4-wt)  and 
backbone-cyclized  Crp4  variants  were  tested  for  bactericidal 
peptide  activity  against  Gram-negative  and  Gram-positive 
bacteria.  Bacteria  growing  exponentially  in  trypticase  soy 
broth  (TSB)  were  centrifuged  at  lOOOOg  for  3  min  and  washed 
three  times  with  10  mM  PIPES  buffer  (pH  7.4)  supplemented 


with  1%  (v/v)  TSB  (10  mM  PIPES-TSB).  Approximately  1  — 
5  X  106  colony-forming  units  (CFU)  per  milliliter  of  bacteria 
were  incubated  with  peptides  in  a  total  volume  of  50  [A L  of 
10  mM  PIPES-TSB.  In  assays  performed  in  the  presence  of  salt 
or  serum,  sample  mixtures  were  incubated  in  10  mM  PIPES-TSB 
supplemented  with  sodium  chloride  or  heat-inactivated  human 
serum,  respectively.  Mixtures  of  bacteria  and  peptide  were 
incubated  at  37  °C  with  shaking  for  1  h,  and  20  /.iL  aliquot 
samples  were  diluted  in  2  mL  of  10  mM  PIPES  buffer  (pH  7.4) 
and  plated  on  TSB  plates  using  an  Autoplate  4000  instrument 
(Spiral  Biotech  Inc.,  Bethesda,  MD).  After  incubation  overnight 
at  37  °C,  bacterial  cell  survival  was  assessed  by  counting  CFUs. 

Hemolysis  Assay.  EDTA-anticoagulated  human  blood  was 
obtained  from  a  healthy  donor  (Bioreclamation,  LLC,  Hicks- 
ville,  NY)  and  centrifuged  at  234g  for  10  min  at  22  °C.  Red 
blood  cells  (RBCs)  were  washed  four  times  with  Dulbecco’s 
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phosphate-buffered  saline  (DPBS)  (Mediatech  Inc.,  Manassas, 
VA)  containing  4  mM  EDTA  and  resuspended  in  DPBS 
without  EDTA.  Peptides  diluted  in  DPBS  to  the  concentrations 
shown  were  assayed  for  hemolysis  in  triplicate  by  incubation 
with  2%  (v/v)  RBCs  for  1  h  at  37  °C  in  an  atmosphere  of  5% 
C02.  The  cells  were  centrifuged  at  234g  for  10  min  at  22  °C, 
and  the  absorbencies  of  the  supernatants  were  measured  at  405 
nm.  The  hemolytic  activity  of  each  peptide  was  calculated 
relative  to  the  100%  hemolysis  obtained  by  incubation  of  RBCs 
with  1%  Triton  X-100. 

Serum  Stability  Assay.  Peptides  at  100  //g/mL  (~27  piM) 
in  human  serum  (Lonza)  were  incubated  at  37  °C.  After 
various  time  points,  triplicate  serum  aliquots  were  removed, 
quenched  with  6  M  urea  in  water,  and  incubated  for  10  min  at  4 
°C.  Subsequently,  serum  proteins  were  precipitated  with  20% 
trichloroacetic  acid  for  10  min  at  4  °C  and  centrifuged  at  13000 
rpm  for  10  min  at  4  °C.  The  supernatants  were  analyzed  by  C4 
RP-HPLC,  and  the  pellets  were  dissolved  in  8  M  GdmCl  and 
also  analyzed  by  HPLC.  The  percentage  of  peptide  recovery 
was  determined  by  integration  of  the  HPLC  peaks  at  220  nm. 
Peptide  identity  was  also  confirmed  by  ES-MS. 

■  RESULTS 

Design  of  Backbone-Cyclized  Crp4  Defensins.  The 

biosynthesis  of  backbone-cyclized  Cys-rich  polypeptides  using 
modified  protein-splicing  units  or  inteins  has  previously  been 
demonstrated  for  several  cyclotides17,18'49,52  and  sunflower 
trypsin  inhibitor  1  (SFTI-l).55  Here,  we  have  used  a  similar 
strategy  for  the  biosynthesis  of  several  backbone-cyclized  Crp4 
variants  in  E.  coli  cells.  This  approach  makes  use  of  a  modified 
intein  in  combination  with  an  intramolecular  native  chemical 
ligation  reaction  (NCL)  (Figure  2). 17,49  Intramolecular  NCL 
requires  the  presence  of  an  N-terminal  Cys  residue  and  a  C- 
terminal  a-thioester  group  in  the  same  linear  precursor 
molecule.8,14  For  this  purpose,  the  corresponding  Crp4  linear 
precursor  was  fused  in  frame  at  the  N-  and  C-termini  to  a  Met 
residue  and  a  modified  Mxe  Gyrase  A  intein,  respectively.  This 
allows  the  generation  of  the  required  C-terminal  thioester  and 
N-terminal  Cys  residue  after  in  vivo  processing  by  endogenous 
Met  aminopeptidase  (MAP)  (Figure  2).  We  designed  five 
linear  Crp4  precursors  (Crp4-1— Crp4-5)  to  explore  the  best 
ligation  site  as  well  as  the  best  linker  required  for  optimal 
cyclization  and  folding  of  the  resulting  backbone-cyclized  Crp4 
variants  (Scheme  1  and  Table  l).  We  first  decided  to  link 


Scheme  1.  Sequences  of  the  Different  Crp4— Intein  Pre¬ 
cursors  Used  in  This  Study*1 


Intein  precursor  Sequence 

Crp4 - 1  CYCRKGHCKRGERVRGTCGIRFLYCCPRRGLL -intein 

Crp4-2  C YCRKGHCKRGERVRGTCGI RFLYCC PRR  GLL-intein 

Crp4-3  CYCRKGHCKRGERVRGTCGIRFLYCCPRR  iPGLL-intein 

Crp4-4  C  RKG  HC  KRGERVRGTCG I RFL Y CC PRRGLLC Y -intein 

Crp4-5  CCPRRGLLCYCRKGHCKRGERVRGTCGIRFLY - intein 


aThe  first  three  residues  located  at  the  N-terminus  of  Crp4-wt  are 
underlined  in  blue  for  reference.  The  residues  added  to  the  ligation  site 
to  facilitate  cyclization  are  colored  green. 

together  through  a  peptide  bond  the  native  N-  and  C-terminal 
residues  of  Crp4-wt,  Glyl  and  Arg32,  respectively.  These  two 
residues  are  in  the  proximity  of  each  other  in  the  folded 
structure  of  Crp4-wt,  and  in  principle,  the  formation  of  this 
bond  should  not  introduce  too  much  conformational  stress  in 


Table  1.  Amino  Acid  Sequences  of  the  Crp4  Peptides  Used 
in  This  Study 

Peptide  Sequence 

Crp4-wt  ( iLICYCRKGHCKRGERVRGTCGIRFLYCCPRR” 

Crp4-6C/A  GLLAY  ARKGH AKRGERVRGT  AGIRFLY A  \PRRft 

Crp4-1  cyclo[CYCRKGHCKRGERVRGTCGIRFLYCCPRRGLL] 

Crp4-2  cyclo[CYCRKGHCKRGERVRGTCGIRFt.YCCPRRGGII]‘ 

Crp4-3  cyclo[CYCRKGHCKRGERVRGTCGIRFLYCCPRRGPGLL]c 

Crp4-R/A  CYCRKGHCKRGERVRGTCGIRFLYCCPRRGLT' 

“The  first  three  amino  acids  of  the  Crp4  natural  N-terminus  are 
colored  blue  for  reference.  bAla  residues  replacing  original  Cys 
residues  are  colored  magenta.  *The  linkers  added  to  assist  in 
cyclization  are  colored  green.  rfCys  residues  reduced  and  alkylated 
are  underlined. 

the  newly  formed  loop.  To  facilitate  the  ligation,  we  used  Cys1 
(Crp4-l),  Cys11  (Crp4-4),  and  Cysv  (Crp4-5)  as  the  N-terminal 
residues  in  the  corresponding  linear  precursors  (Table  l).  In 
addition,  we  also  explored  the  effect  of  adding  extra  residues  in 
the  newly  formed  loop  in  the  backbone-cyclized  Crp4.  Hence, 
we  added  an  extra  Gly  residue  (Crp4-2)  and  a  Pro-Gly 
sequence  (Crp4-3)  between  the  native  N-  and  C-terminal 
residues,  Glyl  and  Arg32,  respectively  (Table  l).  These  two 
additions  should  increase  the  flexibility  of  the  new  loop  as  well 
as  facilitate  the  formation  of  the  required  turn.56  In  these  two 
variants,  we  used  only  Cys1  as  the  N-terminal  residue  to  allow 
for  the  cyclization  reaction. 

In  Vitro  Biosynthesis  of  Backbone-Cyclized  Crp4 
Peptides.  All  five  linear  Crp4— intein  fusion  precursors  were 
expressed  in  BL2l(DE3)  cells  at  30  °C  and  purified  by  affinity 
chromatography  using  chitin— Sepharose  beads.  The  Crp4— 
intein  precursors  have  a  chitin  binding  domain  (CBD)  fused  at 
the  C-terminus  of  the  intein  domain  to  facilitate  purification. 
The  expression  yields  of  the  different  Crp4— intein  constructs 
in  the  soluble  cell  lysate  were  estimated  by  UV  spectroscopy 
and  ranged  from  «5  mg/L  for  intein  precursor  Crp4-1  to 
«14  mg/L  for  precursor  Crp4-5  (Table  2).  The  rest  of  the 

Table  2.  Expression  Yields  and  Cleavage  Percentages  of 
Crp4— Intein  Precursors  in  BL2l(DE3)  Cells  and  Yields 
of  Cyclic  and  Folded  Crp4  Variants  after  in  Vitro  Cleavage 
of  the  Intein 


%  of  soluble 
yield  (mg/L)  intein  cleaved 


precursor 

s“ 

vb 

in 

vivo 

in 

vitro 

yield*  [y/g/L  (%)]  of 
cyclic/folded 

Crp4-1 

s.s 

142.1 

23.9 

84.2 

200  (S0%)d 

Crp4-2 

9.8 

24.7 

22.9 

73.4 

120  (20%)d 

Crp4-3 

10.S 

94.3 

20.7 

70.4 

174  (27%)d 

Crp4-4 

9.0 

0 

29.1 

67.7 

43  (10%)d 

Crp4-5 

13.9 

0 

7.5 

4S.6 

35  (S°/o)d 

aSoluble  cell  lysate  fraction.  ^Insoluble  cell  lysate  fraction.  cObtained 
after  in  vitro  cleavage  with  GSH  (see  Experimental  Procedures). 
^Cyclization/folding  yield  based  on  the  amount  of  precursor  cleaved 
during  the  GSH-induced  in  vitro  cleavage. 


constructs  gave  similar  expression  yields  in  the  soluble  fraction 
(«10  mg/L).  All  of  the  linear  precursors  using  Cys1  as  the  N- 
terminal  residue  (Crp4-1,  Crp4-2,  and  Crp4-3)  also  produced  a 
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Figure  3.  In  vitro  GSH-induced  cyclization  of  precursors  Crp4-1  (A),  Crp4-2  (B),  and  Crp4-3  (C).  On  the  left  are  the  RP-HPLC  chromatograms  of 
the  crude  reaction  and  on  the  right  the  ES-MS  data  of  the  corresponding  cyclic  folded  product  indicated  with  an  arrow.  The  large  peak  labeled  with 
an  asterisk  is  the  intein— CBD  protein.  Experimental  and  theoretical  molecular  weights  are  shown  with  MS  spectra. 


significant  amount  of  protein  in  the  insoluble  fraction  ranging 
from  142  mg/L  for  Crp4-1  (»90%  of  the  total  precursor 
expressed)  to  24  mg/L  for  Crp4-2  («70%  of  the  total  precursor 
expressed).  Interestingly,  neither  Crp4-4  nor  Crp4-5  showed 
any  significant  expression  in  the  insoluble  fraction  (Figure  SI  of 
the  Supporting  Information),  suggesting  that  the  arrangement 
of  the  Crp4  peptide  primary  sequence  plays  an  important  role 
in  the  folding  of  the  precursors  and  subsequent  shuttling  to 
inclusion  bodies.  Analysis  of  the  purified  fusion  proteins  by 
SDS— PAGE  (Figure  SI  of  the  Supporting  Information) 
revealed  that  all  of  the  linear  precursors  except  Crp4-5  showed 
«20%  cleavage  of  the  intein  fusion  in  vivo  when  expressed  in 
BL2l(DE3)  cells  for  4  h  at  30  °C.  In  contrast,  precursor  Crp4-5 
gave  only  7%  in  vivo  cleavage. 

We  next  tested  the  ability  of  the  different  precursors  to  be 
cleaved  in  vitro  using  reduced  glutathione  (GSH).  GSH  has 
been  shown  to  promote  cyclization  and  concomitant  folding 
when  used  in  the  biosynthesis  of  Cys-rich  cyclic  polypep¬ 
tides.  18,49,55  The  cyclization/folding  reaction  was  performed  on 
the  chitin  beads  where  the  corresponding  precursors  had  been 
purified.  The  best  cleavage/cyclization  conditions  were 
achieved  using  100  mM  GSH  in  phosphate  buffer  at  pH  7.2 
for  48  h.  Under  these  conditions,  »85%  of  precursor  Crp4-1 
was  cleaved  in  vitro  (Table  2  and  Figure  SI  of  the  Supporting 
Information).  Precursors  Crp4-2  and  Crp4-3  were  also  cleaved 
efficiently  (»70%)  under  these  conditions.  In  contrast,  linear 
precursors  Crp4-4  and  Crp4-5  were  cleaved  less  efficiently  by 
GSH,  »65%  for  Crp4-4  and  «45%  for  Crp4-5.  HPLC  analysis 
of  the  crude  cyclization  mixture  revealed  in  all  the  cases  the 


main  peptide  product  was  the  corresponding  folded  backbone- 
cyclized  Crp4  variant  as  revealed  by  ES-MS  analysis  (Figure  3 
and  Figure  S2  of  the  Supporting  Information).  Other  peptide 
peaks  in  the  HPLC  chromatograms  were  identified  as 
incorrectly  folded  GSH  adducts.  Among  the  different  linear 
precursors,  Crp4-1  gave  the  best  cyclization/folding  yield 
(Figure  3A),  producing  ~200  ^/g/L  cyclized  Crp4-1  [«50%  of 
the  theoretical  yield  (see  Table  l)].  The  cyclization/folding 
crude  mixture  for  Crp4-2  and  Crp4-3  (Figure  3B,C),  both  using 
the  same  ligation  site  as  Crp4-1  but  with  different  linker  lengths 
for  the  new  loop  formed  at  the  ligation  site,  gave  lower  yields 
(»120  and  170  ^/g/L,  respectively)  than  Crp4-1.  The  HPLC 
trace  for  the  cyclization  reaction  of  precursor  Crp4-3  was, 
however,  cleaner  than  that  of  Crp4-2,  indicating  the 
cyclization/folding  was  more  efficient  in  that  precursor  (Figure 
3B,C).  The  cyclization/folding  yields  for  Crp4-4  and  Crp4-5 
(Figure  S2  of  the  Supporting  Information)  were  similar  and 
estimated  by  HPLC  to  be  ~40  and  ~35  )A g/L,  respectively 
(Table  2).  These  lower  yields  could  be  attributed,  in  part,  to  the 
less  efficient  cleavage  of  the  intein  in  these  precursors. 

It  is  worth  noting  that  during  the  cleavage  of  the  intein 
precursors  we  found  that  the  corresponding  cyclized  Crp4 
peptides  were  able  to  bind  strongly  to  the  chitin  beads  under 
the  conditions  used  for  the  GSH-induced  cyclization/folding 
and  required  the  use  of  8  M  GdmCl  to  elute  the  cyclized 
peptides  from  the  solid  support.  This  treatment  also  eluted  the 
intein— CBD  protein  byproduct  (Figure  3).  Accordingly,  we 
tested  whether  the  cyclized  Crp4  variants  were  binding  to  the 
chitin— Sepharose  beads  or  intein— CBD  protein  by  incubation 
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Figure  4.  Chemical  shifts  differences  of  the  backbone,  H'  and  Ha,  and  side  chain,  H^,  protons  between  cyclic  Crp4-1  and  native  Crp4-wt.  (A)  Ribbon 
diagram  of  native  Crp4-wt  showing  the  residues  that  exhibit  a  significant  change  in  the  chemical  shift  of  the  backbone  amide  after  cyclization. 
Residues  with  a  change  in  chemical  shift  larger  than  0.2  ppm  or  between  0. 1  and  0.2  ppm  are  colored  red  or  magenta,  respectively.  Changes  in  the  H' 
(B),  H“  (C),  and  H/7  (D)  chemical  shifts  between  native  Crp-wt  and  cyclic  Crp4-1  defensins  reflect  minimal  structural  perturbations  due  to 
cyclization. 


of  purified  cyclized  Crp4-1  with  either  free,  CBD  bound,  or 
intein— CBD-bound  chitin— Sepharose  beads.  After  being 
extensively  washed,  the  beads  in  both  cases  were  washed  with 
8  M  GdmCl,  and  the  amount  of  eluted  Crp4-1  was  quantified 
by  HPLC.  The  results  showed  that  approximately  «25%  was 
able  to  bind  free  or  CBD-bound  chitin  beads,  and  »90%  of 
cyclized  Crp4-1  was  bound  to  intein— CBD  chitin  beads  (data 
not  shown).  This  demonstrates  that  although  cyclized  Crp4  has 
some  weak  affinity  for  chitin— Sepharose  beads,  it  was  bound  to 
the  beads  mainly  by  protein— protein  interactions  with  the 
gyrase  intein. 

Structural  Characterization  of  Cyclized  Crp4  Defen¬ 
sins.  Because  the  structure  of  native  Crp4-wt  has  been 
elucidated  by  'H  NMR,35  we  used  heteronuclear  NMR 
spectroscopy  to  confirm  that  the  biosynthetic  cyclized  Crp4 
defensins  were  adopting  a  native  a-defensin  fold.  Given  that 
Crp4-wt  and  cyclized  Crp4-1  have  the  same  sequence,  we  first 
compared  the  assigned  backbone  amide  and  a  (H'  and  H“, 
respectively)  proton  chemical  shifts  of  cyclized  Crp4-1  with 
those  published  for  the  native  Crp4-wt  peptide  (Table  S2  of  the 


Supporting  Information).35  As  shown  in  Figure  4,  the  chemical 
shift  differences  for  most  of  the  residues  were  smaller  than 
0.1  ppm,  which  indicates  that  cyclized  Crp4-1  adopts  a  structure 
that  is  very  similar  to  that  of  native  Crp4-wt.  We  also  saw  a  few 
residues  that  showed  chemical  shift  differences  of  >0.1  ppm. 
Most  of  these  residues,  however,  were  located  in  the  new  loop 
formed  close  to  the  cyclization  site,  including  residues  Leu2, 
Leu3,  Cys4,  and  Cys29  (Figure  4A).  Interestingly,  we  also 
noticed  a  few  residues  (HislO,  Argl6,  and  Argl8)  located  away 
from  the  ligation  site  that  presented  relatively  large  chemical 
shift  differences  (Figure  4A).  The  chemical  shift  difference 
associated  with  H'  of  Argl6  was  «0.4  ppm;  meanwhile,  for  the 
other  residues,  the  corresponding  differences  were  relatively 
smaller  (»0.1  ppm).  On  the  basis  of  these  changes,  it  is  very 
likely  that  the  hydrogen  bond  between  the  carbonyl  group  of 
Cys29  and  H'  of  Argl6  present  in  the  structure  of  native  Crp4- 
wt  is  broken  in  cyclized  Crp4-1.  This  change  would  lead  to 
changes  in  the  backbone  dihedral  angles  of  the  neighboring 
amino  acids.  This  is  in  agreement  with  the  fact  that  the 
differences  observed  for  the  chemical  shits  of  the  side  chain 
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Figure  5.  In  vivo  expression  of  cyclic  Crp4-1  defensin  in  Origami2(DE3)  cells.  (A)  SDS— PAGE  analysis  of  the  expression  of  Crp4—  intern  precursor 
Crp4-1.  Lane  M  contained  molecular  mass  protein  markers,  lane  T  total  cell  lysate,  lane  P  insoluble  cell  lysate,  lane  S  soluble  cell  lysate,  and  lane  B 
affinity  chromatography-purified  Crp4— intein  precursor.  (B)  Mass  spectrum  of  the  insoluble  cell  lysate  following  HPLC  separation  (see 
Experimental  Procedures). 


protons,  H/(,  are  all  smaller  than  0.1  ppm  (Figure  4D  and  Table 
S2  of  the  Supporting  Information). 

We  also  used  heteronuclear  !H{15N}  HSQC  experiments  to 
compare  the  structures  of  the  different  cyclized  Crp4  variants. 
Uniformly  lsN-labeled  cyclized  Crp4  defensins  were  produced 
in  vitro  as  described  above,  but  E.  coli  was  grown  in  minimal 
M9  medium  containing  15NH4C1  as  the  only  source  of 
nitrogen.  Recombinant  expression  of  cyclized  Crp4  defensins 
allows  the  introduction  of  NMR  active  isotopes  (15N  and/or 
13C)  in  a  very  inexpensive  fashion,  thus  facilitating  the  use  of 
the  SAR  by  NMR  (structure— activity  relationship  by  nuclear 
magnetic  resonance)57,58  technique  to  study  any  molecular 
interaction  between  cyclized  Crp4  defensins  and  their  potential 
biomolecular  targets.  The  HSQC  spectra  for  all  of  the  cyclized 
Crp4  variants  were  very  well  dispersed,  indicating  a  well-folded 
structure  (Figure  S5  of  the  Supporting  Information).  As 
expected,  the  chemical  shift  differences  for  the  backbone  amide 
between  the  different  cyclized  Crp4  variants  were  also  relatively 
small,  the  major  differences  being  located  in  residues  close  to 
the  ligation  site  and  to  Argl6  (Figure  S5  of  the  Supporting 
Information).  As  expected,  analysis  of  the  HQSC  spectrum  of 
Crp4-2  revealed  the  presence  of  an  additional  Gly  peak  as 
compared  to  the  spectrum  of  Crp4-1  (Figure  S5B  of  the 
Supporting  Information).  In  contrast,  analysis  of  the  HSQC 
spectrum  of  Crp4-3  revealed  as  many  as  nine  additional  peaks 
(Figure  S5B  of  the  Supporting  Information).  Careful 
integration  of  the  intensities  associated  with  the  HSQC 
spectrum  of  cyclized  Crp4-3  showed  that  18  cross-peaks  have 
intensities  approximately  2  times  lower  than  those  of  the  rest  of 
the  peaks.  These  findings  suggest  that  nine  residues  in  cyclized 
Crp4-3  have  two  different  conformations  that  could  be 
exchanging  at  a  very  slow  rate  or  not  at  all.  We  attributed  the 
existence  of  two  Crp4-3  conformations  in  solution  to  cis— trans 
isomerization  of  the  proline  in  the  new  loop  formed  because 
most  of  the  residues  exhibiting  amide  peak  doubling  were 
located  close  to  the  newly  formed  loop. 

In  Vivo  Biosynthesis  of  Cyclized  Crp4  Defensins. 
Encouraged  by  the  results  obtained  with  the  in  vitro  GSH- 
induced  cyclization/folding  of  the  intein— Crp4  precursors,  we 
decided  to  explore  the  expression  of  cyclized  Crp4  inside  E.  coli 
cells.  To  accomplish  this,  we  used  intein  precursor  Crp4-1.  This 
construct  gave  the  best  yield  for  the  production  of  cyclized 
Crp4-1  in  vitro  (Table  2).  The  production  of  cyclized  Crp4-1 
was  accomplished  in  Origami2(DE3)  cells.  These  cells  have 
mutations  in  the  thioredoxin  and  glutathione  reductase  genes, 
which  facilitates  the  formation  of  disulfide  bonds  in  the 


bacterial  cytosol.59  We  have  recently  used  these  cells  for  the  in 
vivo  production  of  several  disulfide-containing  backbone- 
cyclized  polypeptides. 17,18,55 

The  expression  yield  for  the  Crp4-1  precursor  after  overnight 
induction  at  room  temperature  with  IPTG  was  approximately 
5.5  mg/L.  Under  these  conditions,  ~35%  of  the  Crp4— intein 
precursor  was  cleaved  in  vivo  (Figure  5A).  Using  these 
numbers,  we  estimated  the  maximal  amount  of  the  cyclized 
Crp4-1  peptide  that  could  be  produced  should  be  around 
200  I<g/L.  Initial  attempts  to  identify  and  quantify  the  amount 
of  cyclized  Crp4-1  in  vivo  by  HPLC  showed  there  to  be  very 
small  amounts  associated  with  the  insoluble  cell  lysate  and  none 
detected  in  the  soluble  fraction.  We  were  able  to  quantify  the 
amount  of  cyclized  Crp4-1  present  in  the  insoluble  cellular 
fraction  using  HPLC— MS/MS  (Figure  5B).  The  yield  was 
estimated  to  be  »2  fi g/L,  100-fold  lower  than  expected  (»1% 
yield).  The  cyclized  Crp4-1  obtained  in  vivo  had  a  mass 
corresponding  to  the  folded  product  and  coeluted  with  the 
purified  product  obtained  in  vitro,  indicating  that  they  were  the 
same  compound.  The  low  efficiency  observed  for  in  vivo 
expression  could  be  attributed  to  the  toxicity  of  this  defensin.  a- 
Defensins  are  antimicrobial  compounds  that  can  bind  and 
disturb  the  membranes  of  bacteria  and  have  also  been  shown  to 
inhibit  the  biosynthesis  of  peptidoglycan  by  binding  to  its 
precursor  lipid  II.60'61  It  is  likely  that  folded  cyclized  Crp4  may 
exert  the  same  type  of  action  when  it  is  in  the  bacterial  cytosol 
and  could  explain  why  Crp4-1  was  found  in  the  insoluble  cell 
lysate.  Moreover,  we  have  shown  that  cyclized  Crp4  defensins 
have  affinity  for  the  intein— CBD  protein  fusion,  and  therefore, 
any  precursor  protein  present  in  the  insoluble  pellet  could  also 
bind  cyclized  Crp4  defensins,  facilitating  its  immobilization  to 
the  insoluble  cell  lysate. 

We  also  examined  the  expression  of  cyclized  Crp4  defensins 
using  the  Crp4-4  and  Crp4-5  precursors  (Figure  SI  of  the 
Supporting  Information),  especially  because  the  Crp4-5 
precursor  gave  better  in  vivo  cleavage  («70%).  On  the  basis 
of  the  expression  levels,  the  predicted  yield  for  Crp4-4  is 
approximately  20  /r g/L  and  for  Crp4-5  almost  200  ^g/L.  In 
both  cases,  the  corresponding  folded  cyclized  Crp4  variant  was 
found  in  the  insoluble  cell  lysate  at  yields  similar  to  that  found 
for  Crp4-1  (1—2  ^(g/L).  These  three  precursors  gave  very 
different  yields  for  cyclization/folding  in  vitro.  The  fact  that 
they  provide  a  similar  yield  when  expressed  in  vivo  may  suggest 
that  the  production  in  vivo  could  be  limited  by  the  cellular 
activity  of  the  defensin. 
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Antimicrobial  and  Hemolytic  Activities  of  Cyclized 
Crp4  Defensins.  Native  Crp4-wt  has  potent  antimicrobial 
activities  against  a  broad  spectrum  of  microorganisms,  including 
Gram-positive  and  Gram-negative  bacteria.4-'46,62  To  explore 
the  effect  of  cyclization  on  its  biological  activity,  we  tested  the 
antimicrobial  activities  of  the  cyclized  Crp4  defensins  against 
several  Gram-positive  and  Gram-negative  bacteria.  As  shown  in 
Figure  6,  all  cyclized  defensins  exhibited  a  dose-dependent 


Peptide  (pg/ml) 

Figure  6.  Bactericidal  activities  of  Crp4-wt  and  cyclic  Crp4  variants. 
Exponentially  growing  MRSA,  L.  monocytogenes  10403s,  EPEC  E2348/ 
69,  S.  typhimurium  14028s,  and  E.  coli  ML3S  were  exposed  to  peptides 
at  37  °C  in  50  pL  of  PIPES-TSB  buffer  for  1  h  (see  Experimental 
Procedures).  Following  peptide  exposure,  the  bacteria  were  plated  on 
TSB-agar  plates  and  incubated  overnight  at  37  °C.  Surviving  bacteria 
were  counted  as  CFU  at  each  peptide  concentration,  and  count  values 
below  1  X  103  CFU/mL  signify  that  no  colonies  were  detected. 

killing  of  the  bacteria  tested,  including  methicillin  resistant 
Staphyloccocus  aureus  (MRSA)  strain  EB378  and  enteropatho- 
genic  E.  coli  (EPEC)  strain  E2348/69.  Overall,  the  cyclic 
peptides  were  most  active  against  Listeria  monocytogenes  10403s, 
killing  90—100%  at  10  pg/mL,  and  were  least  active  against 
Salmonella  typhimurium  14028s  but  still  killed  approximately 
90%  of  the  bacteria  at  10  pg/mL.  The  cyclic  Crp4  peptides 
exhibited  bactericidal  activity  equivalent  to  or  in  some  cases 
greater  than  that  of  native  Crp4-wt  (Figure  6).  For  example, 
cyclized  Crp4-1  and  Crp4-2  were  more  potent  than  native 
Crp4-wt  against  L.  monocytogenes  10403s  at  5  and  10  pg/mL. 
Similar  results  were  obtained  for  cyclized  Crp4-1  and  Crp4-2 
against  MRSA  and  EPEC,  respectively,  at  5  mg/ mL.  These  data 
demonstrate  that  cyclization  preserves  the  biological  activity  of 
Crp4  and,  for  some  bacterial  cell  targets,  improves  bactericidal 
activity. 

Analysis  of  the  antimicrobial  activities  in  the  presence  of 
increasing  NaCl  concentrations  showed  minor  differences  at 
160  mM  NaCl,  in  which  10  pg/mL  native  Crp4-wt  killed  70% 
and  cyclized  Crp4-1  killed  80%  of  L.  monocytogenes  10403s  and 
E.  coli  ML35  (Figure  S6a,b  of  the  Supporting  Information). 
These  data  contrast  with  previous  studies  of  cyclic  rabbit  NP-1, 


which  was  more  active  than  natural  NP-1  against  E.  coli  in  the 
presence  of  100  mM  NaCl.37  This  may  be  due  to  differences  in 
the  primary  structures  of  Crp4  versus  NP-1  (Figure  l),  despite 
their  highly  similar  three-dimensional  folds.  The  antimicrobial 
activities  of  Crp4-wt  and  cyclic  variants  in  the  presence  of  5% 
heat-inactivated  human  serum  were  attenuated,  but  75—95%  of 
EPEC  exposed  to  10  pg/mL  peptide  were  still  killed  (Figure 
S6C  of  the  Supporting  Information).  These  data  suggest  the 
cyclic  Crp4  variants  retain  antimicrobial  activity  under 
conditions  that  mimic  an  in  vivo  environment  and,  therefore, 
have  the  potential  to  be  developed  as  a  drug  lead,  particularly 
against  antibiotic  resistant  bacteria. 

To  assess  the  selectivity  of  Crp4  and  cyclized  Crp4  defensins, 
we  tested  the  cytotoxicity  of  native  Crp4-wt  and  cyclized  Crp4- 
1  in  a  hemolysis  assay  against  human  RBCs.  Both  peptides 
lacked  hemolytic  activity  at  concentrations  up  to  100  pg/mL, 
while  the  positive  control  peptide,  melittin,  gave  approximately 
75%  hemolysis  at  the  same  concentration  (Table  3).  Additionally, 


Table  3.  Flemolytic  Activities  of  Native  and  Cyclized  Crp4 
Defensins41 


peptide 

o  p%! 

mL 

1  Ag/ 
mL 

12.5  n/ 
mL 

25  pg/ 
mL 

50  \1%I 

mL 

100  pg/ 

mL 

Crp4-wt 

4.2% 

n/dfc 

4.1% 

3.4% 

3.0% 

3.1% 

Crp4-1 

4.2% 

n/dfc 

5.4% 

5.8% 

5.9% 

4.9% 

melittin 

4.2% 

3.6% 

n/dfc 

n/db 

n/db 

74.6% 

“The  peptide  melittin  was  used  as  a  control.  bNot  determined. 

native  Crp4  has  been  found  to  be  noncytotoxic  to  the  mouse 
macrophage  cell  line,  RAW  264.7  (unpublished  work  from  the 
lab  of  A.  J.  Ouellette).  These  data  demonstrate  native  and  cyclic 
Crp4  are  selective  against  bacteria. 

Stability  of  Crp4  in  Human  Serum.  Proteomics  analyses 
of  mouse  colonic  luminal  contents  have  shown  that  intact, 
active  a-defensins  persist  after  secretion  by  Paneth  cells  of  the 
small  intestine.63  Cryptdin  peptides  have  been  recovered  from 
washing  of  mouse  jejunum  and  ileum4-'47  and  the  distal  colonic 
lumen,  3  demonstrating  their  inherent  resistance  to  proteolysis 
in  the  gastrointestinal  environment  conferred  by  the  disulfide 
array.  The  stability  of  Crp4  was  further  assessed  by  incubation 
of  native  and  cyclic  peptides  in  100%  human  serum,  a  location 
where  Crp4  does  not  naturally  occur  (Figure  7).  Both  the 
native  and  cyclic  peptides  remained  intact,  with  no  hydrolysis  of 
the  N-  and  C-termini  of  native  Crp4  (data  not  shown).  In 
contrast,  degradation  of  a  disulfide-null  mutant  of  native  Crp4, 
in  which  the  six  Cys  residues  are  mutated  to  Ala  (Crp4-6C/A), 
and  an  S-carboxamidomethylated  linear  Crp4  (Crp4-R/A) 
(Table  l)  began  after  just  2  min  in  human  serum,  and  they 
were  completely  proteolyzed  within  10—30  min  (Figure  7, 
inset).  Although  Crp4-6C/A  maintains  potent  antimicrobial 
activity  in  vitro,  it  is  susceptible  to  degradation  by  matrix 
metalloproteinase  (MMP)  7,  the  mouse  pro-a-defensin 
convertase.50,64  These  stability  results  open  the  possibility  of 
developing  Crp4  as  a  therapeutic  agent.  Although  native  Crp4 
was  stable  in  serum  for  48  h,  it  is  possible  cyclized  Crp4  variants 
may  be  more  stable  at  longer  time  points  or  in  vivo,  when 
injected  into  or  fed  to  animals. 

■  DISCUSSION 

Defensins  are  innate  immune  peptides  that  play  an  important 
role  in  the  host  defense  of  mammals.  In  this  study,  we  have 
produced  several  backbone-cyclized  variants  of  a  mouse 
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Figure  7.  Stability  of  Crp4  and  variants  in  human  serum.  Peptides  at 
100  /rg/mL  were  incubated  with  heat-inactivated  serum  at  37  °C  and 
analyzed  by  C4  RP-HPLC.  Linear  Crp4-6C/A  is  a  native  Crp4-wt 
variant  in  which  the  six  Cys  are  mutated  to  Ala.  Linear  Crp4-R/A 
corresponds  to  a  linear  Crp4-1  construct  in  which  the  six  Cys  residues 
are  alkylated  with  iodoacetamide. 

a-defensin  in  E.  coli  cells  using  modified  protein  splicing  units. 
The  cyclized  peptides  were  characterized  by  NMR,  antimicro¬ 
bial  activity,  and  serum  stability. 

The  different  cyclized  versions  of  Crp4  were  produced 
recombinantly  either  in  vitro  or  in  vivo.  The  best  expression 
yield  was  obtained  for  Crp4-1  when  it  was  cyclized  in  vitro 
(»200  g/L).  The  yields  for  the  other  cyclized  Crp4  variants 
ranged  from  170  to  35  ^g/L  (Table  2).  In  vivo  expression  was 
by  far  less  efficient  with  yields  of  «2  ^<g/L.  All  of  the  examined 
cyclized  Crp4  variants  gave  a  similar  yield  when  expressed  in 
vivo  that  was  independent  of  the  precursor  used.  This  strongly 
suggests  that  the  amount  of  cyclized  defensins  that  could  be 
produced  in  vivo  may  be  limited  by  the  intracellular  toxicity  of 
the  defensin.  a-Defensins  are  antimicrobial  compounds  that  can 
bind  and  disturb  the  membranes  of  bacteria  and  have  also  been 
shown  to  inhibit  the  biosynthesis  of  peptidoglycan  by  binding 
to  its  precursor  lipid  II.60'61  It  is  possible  that  folded  cyclized 
Crp4  may  exert  the  same  type  of  action  when  it  is  in  the 
bacterial  cytosol,  explaining  the  intracellular  toxicity.  Our  data 
also  indicate  that  cyclized  Crp4  variants  bind  strongly  to  the 
intein— CBD  fusion  protein,  specifically  to  the  intein  region.  At 
this  time,  it  is  unknown  how  the  peptide  is  binding  to  the 
protein.  It  may  involve  electrostatic  interactions  with  the  intein 
because  Crp4  is  highly  cationic  and  the  gyrase  intein  has  an 
overall  anionic  charge.  Interestingly,  in  vivo  production  of 
cyclized  Crp4  defensins  always  provided  the  peptide  on  the 
insoluble  fraction;  therefore,  it  is  possible  that  this  occurs 
through  binding  to  the  insoluble  intein— CBD  protein.  It  may 
also  be  bound  to  insoluble  bacterial  membranes  or  cell  wall 
precursors  such  as  lipid  II.  Additional  experiments  to 
fractionate  the  pellet  are  necessary  to  delineate  these  results. 

Structural  characterization  of  the  cyclized  Crp4  variants  by 
NMR  revealed  that  they  adopt  structures  that  are  very  similar 
to  that  of  native  Crp4.  This  indicates  that  backbone  cycliza- 
tion  did  not  significantly  change  the  native  fold  of  Crp4. 
The  antimicrobial  assays  also  demonstrated  that  backbone 
cyclization  did  not  affect  the  biological  activities  of  the  peptide. 
In  fact,  some  of  the  cyclized  defensins  exhibited  better 
bactericidal  activity  (Figure  6).  Interestingly,  native  and  cyclic 
Crp4  showed  no  hemolytic  activity  against  human  red  blood 


cells,  demonstrating  their  selectivity  against  bacteria.  Addition¬ 
ally,  Crp4-wt  and  cyclic  Crp4-1  defensins  both  demonstrated 
high  stability  to  human  serum,  with  half-lives  of  >48  h.  In 
contrast,  mutation  or  alkylation  of  the  Cys  residues  resulted  in 
complete  degradation  of  the  corresponding  linear  peptides  by 
human  serum  in  <30  min.  On  the  basis  of  these  data,  it  is  likely 
the  three  disulfide  bonds  are  essential  components  in  the 
stabilization  of  the  peptide  structures.  The  presence  of  the 
disulfide  array  has  previously  been  shown  to  be  a  necessary 
component  in  resistance  to  proteolytic  degradation  but  does 
not  affect  antimicrobial  activity.50  Altogether,  these  properties 
make  cyclized  Crp4  defensins  promising  scaffolds  for  drug 
development  of  novel  antibiotics,  although  further  studies  may 
be  required  to  evaluate  their  metabolic  stability  and 
bioavailability. 

Novel  antimicrobial  agents  are  necessary  to  overcome  the 
threat  of  prevalent  antibiotic  resistant  pathogens.  On  the  basis 
of  the  data  reported  here,  this  peptide  can  potentially  be  used  as 
a  stable  scaffold  to  generate  more  enhanced  antimicrobial 
drugs.  Although  a  library  of  Crp4  sequences  is  not  useful  in 
bacterial  expression  systems,  they  have  the  potential  to  be 
expressed  in  yeast  or  mammalian  cells  providing  there  is  no 
intracellular  cytotoxicity.  This  may  be  useful  for  in  vivo 
screening  against  intracellular  pathogens,  including  viruses  and 
parasites.65  Studies  have  shown  that  antimicrobial  peptides  can 
decrease  the  viability  of  intracellular  Mycobacterium  tuber¬ 
culosis66  and  inhibit  the  proliferation  of  intracellular  L. 
monocytogenes  in  macrophages;67  therefore,  the  expression  of 
defensin  libraries  in  mammalian  cells  is  a  promising  method  for 
developing  and  screening  for  more  effective  antimicrobials 
against  intracellular  pathogens. 
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Defensins  are  antimicrobial  peptides  that  are  important  in  the  innate  immune  defense  of  mammals. 

In  contrast  to  mammalian  a-  and  (3-defensins,  rhesus  0-defensin-l  (RTD-1)  comprises  only  18 
amino  acids  stabilized  by  three  disulfide  bonds  and  an  unusual  backbone  cyclic  topology.  In  this 
work  we  report  for  the  first  time  the  recombinant  expression  of  the  fully  folded  0-defensin  RTD-1 
using  a  bacterial  expression  system.  This  was  accomplished  using  an  intramolecular  native  chemical 
ligation  in  combination  with  a  modified  protein-splicing  unit.  RTD-1  was  produced  either  in  vitro 
or  in  vivo.  In-cell  production  of  RTD-1  was  estimated  to  reach  an  intracellular  concentration  of 
~4  pM.  Recombinant  RTD-1  was  shown  to  be  correctly  folded  as  characterized  by  heteronuclear- 
NMR  and  by  its  ability  to  specifically  inhibit  lethal  factor  protease.  The  recombinant  production  of 
folded  0-defensins  opens  the  possibility  to  produce  peptide  libraries  based  on  this  peptide  scaffold 
that  could  be  used  to  develop  in-cell  screening  and  directed  evolution  technologies. 


Introduction 

Defensins  are  cysteine-rich  antimicrobial  peptides  that  are 
important  in  the  innate  immune  defense  of  mammals. 1-3  They 
are  classically  known  for  their  antimicrobial  activities,  but 
they  are  also  involved  in  other  defense  mechanisms  including 
wound  healing,  immune  modulation,  neutralization  of  endotoxin, 
and  anti-cancer  activities.3’4  Mammalian  defensins  are  cationic 
peptides  with  largely  (3-sheet  structures  and  six  conserved  cysteines. 
They  can  be  classified  into  three  structurally  distinct  groups, 
a-,  (3-  and  0-defensins.  The  overall  fold  of  a-  and  |3-defensins  is 
quite  similar  despite  differences  in  disulfide  connectivities,  and 
the  presence  of  an  N -terminal  a-helix  segment  in  (3-defensins 
that  is  missing  in  a-defensins.5  0-Defensins,  on  the  other  hand, 
are  backbone  cyclized  peptides  formed  by  the  head-to-tail 
covalent  assembly  of  two  nonapeptides  derived  from  a-defensin 
related  precursors,1  and  to  date,  are  the  only  known  cyclic 
polypeptides  expressed  in  animals.1 

Rhesus  0-defensin-l  (RTD-1)  was  the  first  0-defensin  to  be 
discovered  from  an  extract  of  leukocytes  from  Rhesus  macaques,1 
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and  in  contrast  with  a-  and  (3-defensins  was  shown  to  have  a 
|3-hairpin-like  structure  with  two  anti-parallel  |3-strands  stabilized 
by  three  disulfides  in  a  ladder  configuration  (Fig.  1A).6  Since  then, 
other  less  abundant  RTD  variants,  named  RTD-2  to  RTD-6, 
were  also  found  in  Rhesus  macaques.7-9  Circular  0-defensins  have 
also  been  isolated  from  other  primate  species.10-12  Interestingly, 
humans  possess  genes  encoding  0-defensins,  but  they  have  lost  the 
ability  to  produce  the  peptides  due  to  a  stop  codon  mutation 
within  the  signal  sequence  that  prevents  subsequent  translation.13 

0-Defensins  have  both  Gram-positive  and  Gram-negative 
antibacterial  activity,1  although  this  activity  strongly  depends 
on  the  buffer  conditions  used  in  the  assays.14  For  example,  the 
antimicrobial  activity  of  RTD-1  is  negatively  affected  by  the 
presence  of  10%  human  serum.14  0-Defensins  also  have  anti¬ 
fungal1  and  anti-HIV1315  activities.  Chemically-synthesized 
0-defensins  (called  retrocyclins),  which  are  derived  from  the  human 
pseudogene  sequences,  have  been  shown  to  protect  human  cells 
from  infection  by  HIV-113  and  have  been  evaluated  as  a  topical 
anti-HIV  agent  for  the  prevention  of  HIV  transmission,16-18 
showing  promise  when  compared  to  other  topical  anti-HIV 
drugs  in  pre-clinical  development.15  It  is  likely  that  the  ability 
of  0-defensins  to  bind  gpl20  and  CD4  glycoproteins  is  integrally 
related  to  their  ability  to  protect  cells  from  HIV-1  infection.19 
0-Defensins  have  also  been  shown  to  inactivate  germinating 
anthrax  spores  and  act  as  a  competitive  inhibitor  of  anthrax 
lethal  factor  (LF)  protease.20 

Although  the  precursor  genes  associated  with  0-defensins 
have  been  identified,1  the  biochemical  mechanism  responsible 
for  their  post-translational  biosynthesis  has  not  been  elucidated  yet. 
Our  group  has  recently  developed  a  method  for  the  biosynthesis  of 
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RTD-C3  1CRCLCRRGVCRCICTRGF  intein'  -  CBD 

RTD-C7  ■CRRGVCRCICTRGFCRCL MWCcmf 

Fig.  1  (A)  Primary  and  tertiary  structure  of  rhesus  9-defensin  I 

(RTD-1)  (PDB  ID  code:  1HVZ).6  The  backbone  cyclized  peptide 
(connecting  bond  shown  in  blue)  is  stabilized  by  the  three  disulfide  bonds 
in  a  ladder  formation  (disulfide  bonds  shown  in  yellow).  (B)  Design  of  the 
two  RTD-intein  precursors  used  in  this  work,  RTD-C3  and  RTD-C7. 
The  precursors  consist  of  an  RTD-1  based  linear  peptide  attached  to  an 
engineered  Mxe  GyrA  intein  (represented  by  an  asterisk)  and  the  chitin 
binding  domain  (CBD).  The  sequence  of  this  intein  is  available  at 
http://tools.neb.com/inbase/intein.php7name  =  Mxe  +  GyrA.  An  N-terminal 
Met  was  added  right  in  front  of  the  required  N-terminal  Cys  residue.  The 
N-terminal  Met  residue  is  removed  in  vivo  by  endogenous  methionine 
aminopeptidases  (AMPs)  producing  an  N-terminal  Cys  available 
for  cyclization  through  intramolecular  native  chemical  ligation.  The 
sequence  RRGV  is  underlined  for  reference. 

backbone  cyclized  peptides  using  intramolecular  Native 
Chemical  Ligation  (NCL)  in  combination  with  a  modified 
protein-splicing  unit  or  intein.2122  This  process  requires  the 
presence,  within  the  same  polypeptide  sequence,  of  an  N-terminal 
Cys  residue  and  a  C-terminal  a-thioester  function.23'24  We  have 
successfully  used  this  approach  for  the  recombinant  production  of 
several  naturally  occurring  backbone  cyclized  polypeptides  using 
standard  bacterial  expression  systems.25'26  Encouraged  by  these 
results  we  decided  to  explore  the  potential  of  this  approach  for 
the  biological  production  of  folded  9-defensins  using  bacterial 
expression  systems. 

Using  RTD-1  as  a  model  system,  we  show  here  that  folded 
backbone  cyclized  0-defensins  can  be  produced  recombinantly 
using  bacterial  expression  systems.  Folded  RTD-1  can  be 
either  produced  in  vitro  or  in  vivo  with  similar  yields.  In-cell 
production  of  RTD-1  can  reach  intracellular  concentrations 
of  ~4  pM.  Recombinant  RTD-1  was  shown  to  adopt  a  native 
folded  structure  as  determined  by  heteronuclear  NMR  and  was 
fully  active  as  shown  by  inhibition  of  anthrax  LF  protease. 
Recombinant  expression  of  0-defensins  makes  it  possible  to 
introduce  NMR  active  isotopes  (15N  and/or  13C)  in  a  very 
inexpensive  fashion,  thus  facilitating  the  use  of  NMR  to  study 
any  molecular  interaction  between  0-defensins  and  their  potential 
biomolecular  targets.  These  results  also  open  the  intriguing 
possibility  for  in-cell  production  of  genetically-encoded  peptide 
libraries  based  on  this  peptide  scaffold  that  could  be  used  to 
develop  in-cell  screening  and  directed  evolution  technologies. 

Results  and  discussion 

The  recombinant  expression  of  RTD-1  was  carried  out  by  using 
a  modified  protein  splicing  unit  to  assist  the  intramolecular  native 
chemical  ligation  (NCL)  required  for  backbone  cyclization.23'27 


RTD-1  has  six  Cys  residues  that  may  be  used  for  cyclization. 
In  order  to  facilitate  the  cyclization  reaction,  we  decided  to  use 
the  Cys  residues  located  in  positions  3  and  7  (Fig.  1).  These 
Cys  residues  are  the  only  ones  in  the  sequence  of  RTD-1  that 
do  not  have  a  charged  or  (3-branched  residue  N-terminally 
adjacent,  which  should  facilitate  the  kinetics  of  the  cyclization 
reaction  without  affecting  the  splicing  activity  of  the  intein. 
Accordingly,  two  different  RTD-1  linear  precursors  (RTD-C3 
and  RTD-C7)  were  cloned  in  frame  with  a  modified  Mxe 
Gyrase  intein  (Fig.  IB).  The  N-terminal  Met  residue  in  both 
constructs  is  efficiently  removed  by  endogenous  methionine 
aminopeptidases  when  expressed  in  Escherichia  coir1'22  therefore 
yielding  the  required  N-terminal  Cys  for  intramolecular  NCL.  At 
the  same  time,  the  modified  intein  allows  the  generation  of  the 
required  a-thioester  at  the  junction  between  the  C-terminal  end 
of  RTD-1  and  the  intein  (Fig.  1) 

Both  RTD-1  intein  fusion  protein  precursors  (RTD-C3  and 
RTD-C7)  were  expressed  in  E.  coli  BL21(DE3)  cells  at  30  °C 
for  3  h,  and  purified  by  affinity  chromatography  using  chitin- 
sepharose  beads.  The  RTD-intein  precursors  have  a  chitin 
binding  domain  (CBD)  fused  at  the  C-terminus  of  the  intein 
domain  to  facilitate  purification.  As  shown  in  Fig.  2A,  both 
intein  precursors  had  comparable  levels  of  expression  in  E.  coli 
cells  (~5  mg  L  1  as  estimated  by  UV  spectroscopy),  and 
showed  similar  rates  and  propensities  for  in  vivo  cleavage 
( ~  65%).  It  is  worth  noting  that  under  these  conditions  most 
of  the  intein  fusion  precursors  in  both  cases  were  expressed  as 
soluble  proteins  (Fig.  2A). 

We  next  tested  the  ability  of  the  different  precursors  to  be 
cleaved  in  vitro  by  using  reduced  glutathione  (GSH)  to  produce 
folded  RTD- 1 .  GSH  has  been  shown  to  promote  cyclization  and 
concomitant  folding  when  used  in  the  biosynthesis  of  Cys-rich 
cyclic  polypeptides.21'25’26  The  cyclization/folding  reaction  was 
performed  on  the  chitin  beads  where  the  corresponding  precursors 
had  been  purified.  The  best  cleavage/cyclization  conditions  were 
accomplished  using  100  mM  of  GSH  in  phosphate  buffer  at 
pH  7.2  for  48  h  at  room  temperature.  Under  these  conditions 
both  RTD-intein  precursors  were  completely  cleaved  (Fig.  2A). 
HPLC  analysis  of  the  crude  cyclization  mixture  revealed  that  in 
both  cases  the  main  peptide  product  was  the  corresponding  folded 
RTD-1  (Fig.  2B)  as  revealed  by  HPLC  and  ES-MS  analysis 
(Fig.  2C  and  D).  Other  peptide  minor  peaks  in  the  HPLC 
chromatograms  were  identified  as  not  correctly  folded  GSH- 
adducts.  Precursor  RTD-C3  gave  the  best  cyclization/folding 
yield  producing  around  10  pg  L  1  of  purified  RTD-1.  This 
yield  corresponds  to  ~  10%  of  the  theoretical  value.  The 
in  vitro  cyclization/folding  of  precursor  RTD-C7  gave  a 
slightly  lower  yield  (~7  pg  L_1  of  purified  RTD-1).  The  lower 
yield  observed  for  this  precursor  can  be  attributed  to  the 
slightly  more  complex  cyclization/folding  crude  (Fig.  2B). 

Recombinant  RTD-1  was  purified  by  HPLC  and  its  biological 
activity  tested  using  an  anthrax  LF  inhibitory  assay.28  In  vitro 
produced  RTD-1  was  able  to  inhibit  anthrax  LF  with  an  IC50  of 
384  ±  33  nM  (Fig.  3A),  which  corresponds  to  a  Kt  ~  0.4  pM  under 
the  conditions  used  in  the  inhibitory  assay.29'30  This  IC50  value 
closely  parallels  previously  reported  values,20’31  thus  confirming  the 
biological  activity  of  the  recombinantly  produced  0-defensin. 

We  also  used  NMR  spectroscopy  to  confirm  that  recombinant 
RTD-1  adopted  a  native  0-defensin  fold.  The  structure  of  native 
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Fig.  2  In  vitro  production  of  RTD-1.  (A)  SDS-PAGE  analysis  of  cell  lysates  from  BL21  E.  coli  cells  expressing  precursors  RTD-C3  and  RTD-C7. 
The  identity  of  the  bands  corresponding  to  intein  precursors  and  in  vivo  cleaved  proteins  is  shown  on  the  right.  The  positions  and  molecular 
weights  of  the  molecular  markers  used  are  shown  on  the  left  of  the  gel  (P:  insoluble  cell  lysate,  S:  soluble  cell  lysate,  B:  purified  intein,  B/GSH: 
purified  intein  after  cleavage  with  100  mM  glutathione  at  pH  7.2).  (B)  Reverse-phase  C18-HPLC  traces  for  the  GSH-induced  cyclization  folding  of 
purified  precursors  RTD-C3  and  RTD-C7.  The  peak  corresponding  to  the  folded  RTD-1  is  indicated  with  an  arrow  in  each  case.  The  asterisk 
denotes  the  cleaved  intein-CBD  fragment.  (C)  Reverse-phase  C18-HPLC  of  purified  RTD-1.  (D)  ES-MS  spectrum  of  purified  RTD-1.  Calculated 
mass  corresponds  to  the  average  isotopic  mass. 


RTD-1  has  been  previously  reported  by  Craik  et  al.  in  10% 
MeCN  aqueous  buffer  at  pH  4.5.6  We  decided  to  carry  out  the 
NMR  experiments  under  more  physiological  conditions  using  an 
aqueous  buffer  containing  no  organic  solvents  at  pH  6.5.  The 
rationale  to  use  more  physiological  conditions  was  to  allow  the 
future  study  of  biologically  relevant  interactions  between  RTD-1 
and  potential  biomolecular  targets  by  NMR.  The  chemical  shifts 
of  the  assigned  backbone  amide  and  alpha  protons  (HNa  and 
HCa)  for  recombinant  RTD-1  at  pH  6.5  were  very  similar  to 
those  reported  earlier  by  Craik  at  pH  4.5  (Table  S2,  ESIf).  No 
significant  (  >  0.3  ppm)  differences  were  found  in  the  backbone 
amide  protons.  We  also  saw  a  uniform  shift  rather  than  variable 
changes  for  the  backbone  alpha  protons  (~0.2  ppm)  at  pH  6.0 
(Table  S2,  ESIf).  Since  backbone  alpha  protons  usually  reflect 
the  secondary  structure  of  the  peptide  backbone,  this  uniform 
offset  in  the  resonances  of  the  backbone  HCa  protons  could  be 
attributed  to  the  different  buffer  conditions  used  in  the  two 
samples  rather  than  changes  in  secondary  structure. 


We  also  produced  recombinant  15N-labeled  RTD-1  by 
expressing  the  RTD-C3  precursor  in  minimal  M9  medium  contain¬ 
ing  15NH4C1  as  the  only  source  of  nitrogen.  Linder  these  conditions 
the  expression  yield  was  around  7  pg  L_1  of  15N-labeled  RTD-1 
after  purification  by  HPLC.  The  HSQC  spectrum  of  recombinant 
RTD-1  was  very  well  dispersed,  indicating  a  well-folded  structure 
(Fig.  3B).  Having  access  to  the  recombinant  expression  of 
0-defensins  allows  the  introduction  of  NMR  active  isotopes 
(15N  and/or  13C)  in  a  very  inexpensive  fashion,  thus  facilitating 
the  use  of  heteronuclear  NMR  to  study  intermolecular  inter¬ 
actions  between  0-defensins  and  their  biomolecular  targets. 

Encouraged  by  the  results  obtained  with  the  in  vitro  GSH- 
induced  cyclization/folding  of  the  RTD-intein  precursors  we  also 
decided  to  explore  the  expression  of  folded  RTD-1  inside  E.  coli 
cells.  RTD-1  has  been  shown  to  be  antimicrobial  against  both 
Gram-positive  and  Gram-negative  bacteria.  However,  the  anti¬ 
microbial  activity  of  RTD- 1  has  been  shown  to  strongly  depend 
on  the  conditions  used  in  the  antimicrobial  assays.  The  presence 
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Fig.  3  Characterization  of  recombinantly  produced  0-defensin  RTD-1.  (A)  Inhibition  assay  of  RTD-1  against  anthrax  LF.  Different 
concentrations  of  RTD-1  were  tested  against  LF.  At  each  concentration,  residual  LF  activity  was  measured  and  divided  by  the  activity  of  LF 
in  the  absence  of  inhibitor.  Activity  was  measured  as  the  rate  LF  protease  cleaves  a  fluorescence  LF  substrate28  and  determined  by  the  rate  of 
fluorescence  signal  decaying  (see  experimental).  (B)  15N-FISQC  spectrum  of  15N-labeled  RTD-1  defensin  in  water  at  pH  6.0.  The  identity  of  the 
crosspeaks  is  indicated  by  the  number  of  the  residue  according  to  Fig.  1 . 


of  10%  human  serum  has  been  shown  to  significantly  decrease 
the  antimicrobial  properties  of  RTD-1  especially  against  Gram¬ 
negative  bacteria  such  as  E.  coli}4  We  anticipated  that  the  high 
molecular  complexity  of  the  bacterial  cytosol  could  decrease  the 
antimicrobial  activity  of  RTD-1  when  produced  intracellularly 
and  therefore  allow  its  production  in  the  cellular  cytosol. 

In  order  to  test  this  hypothesis  we  used  the  RTD-C7 
precursor  (Fig.  IB).  In-cell  expression  of  RTD-1  was  accomplished 
in  Origami2(DE3).  These  cells  have  mutations  in  the  thioredoxin 
and  glutathione  reductase  genes,  which  facilitates  the  formation  of 
disulfide  bonds  in  the  bacterial  cytosol.32  We  have  recently  used 
these  cells  for  the  in  vivo  production  of  several  disulfide-containing 
backbone  cyclized  polypeptides22  25'26 

Precursor  RTD-C7  was  expressed  in  Origami2(DE3)  overnight 
at  room  temperature  giving  a  total  yield  of  precursor  protein  of 
~  3  mg  L~ 1 .  U nder  these  conditions  the  precursor  was  completely 
cleaved  in  vivo  (Fig.  4A).  In  contrast  when  precursor  RTD-C3 
was  expressed  under  these  conditions  only  ~74%  of  the 
precursor  protein  was  cleaved  in  vivo  (Fig.  4A).  This  difference 
could  be  attributed  to  the  proximity  of  Cys5  to  the  RTD-intein 
junction  in  the  precursor  RTD-C7,  which  is  only  one  residue 
away  from  the  RTD-intein  junction  therefore  facilitating  the 
intramolecular  cleavage.  In  the  precursor  RTD-C3,  the  closest 
Cys  residue  within  the  sequence  (Cys16)  is  four  residues  away 
from  the  RTD-intein  junction  (Fig.  1).  After  lysing  the  cells 
expressing  RTD-C7,  both  the  insoluble  and  soluble  cellular 
fractions  were  analyzed  by  HPLC-MS/MS  in  multiple  reaction 
mode  to  identify  and  quantify  the  amount  of  folded  RTD-1. 
Interestingly,  almost  all  of  the  folded  RTD-1  produced 
inside  living  E.  coli  cells  was  found  in  the  insoluble  fraction 
( —  22  gg  L  ,  Fig.  4B).  0-Defensins  are  known  to  interact  with 
model  phospholipid  membranes,  and  have  been  shown  to  have 
low  nM  affinity  for  glycoproteins  (gpl20  and  cd4)  and  glycolipids 
(galactosylceramide).19  This  could  explain  the  higher  affinity  of 
recombinant  RTD-1  for  the  insoluble  cellular  lysate  fraction, 
where  it  is  likely  to  find  insoluble  membrane  fragments  containing 
glycolipids  and/or  membrane-bound  peptidoglycan  precursors. 
In  fact,  peptidoglycan  precursor  and  membrane-anchored  lipid 
II  have  been  shown  to  bind  to  human  a-  and  (l-defensins.33 


uncleaved  intein 
cleaved  intein 


B 


Fig.  4  In  vivo  production  of  RTD-1  in  E.  coli  cells.  (A)  SDS-PAGE 
analysis  of  the  soluble  cell  lysate  fraction  (S)  of  Origami  E.  coli  cells 
expressing  precursors  RTD-C3  and  RTD-C7.  Expression  was  induced 
as  described  in  the  text  at  room  temperature  for  18  h  (S:  soluble  cell 
lysate  and  B:  purified  intein).  (B)  HPLC-MS/MS  analysis  in  multiple 
reaction  mode  of  in  vivo  produced  RTD-1  in  the  insoluble  fraction  of 
the  cell  lysate.  Specific  MRM  for  RTD-1  identified  ~22  gg  L_1  of 
folded  RTD-1. 


In  summary,  we  report  in  this  work  the  first  recombinant 
expression  of  the  0-defensin  RTD-1  in  E.  coli  cells.  RTD-1  can 
be  produced  either  in  vitro ,  by  processing  of  the  corresponding 
RTD-intein  precursor,  or  in  vivo  by  using  longer  expression 
times  in  combination  with  Origami  or  similar  E.  coli  cells. 
The  yield  of  purified  RTD-1  was  greater  in  vivo  than  in  vitro 
(~22  pig  t«.  ~  10  pig  of  purified  peptide  per  L  of  bacterial  culture). 
Although  the  yields  are  modest,  our  approach  represents  an 
improvement  over  the  approach  reported  by  Suga  et  cil.  for  the 
ribosomal  synthesis  of  RTD-1  using  a  cell-free  expression  system  in 
combination  with  genetic  code  reprogramming.31  The  ribosomal 


1362  |  Mol.  BioSyst.,  2012,  8, 1359-1365 


This  journal  is  ©  The  Royal  Society  of  Chemistry  2012 


Downloaded  by  University  of  Southern  California  on  3 1  March  201 2 
Published  on  10  February  2012  on  http://pubs.rsc.org  I  doi:10.1039/C2MB05451E 


View  Online 


synthesis  of  RTD-1  using  cell-free  expression  systems  usually 
provides  low  yields  and  is  expensive  to  scale-up.  Although  this 
approach  allows  the  production  of  libraries,  these  libraries 
cannot  be  easily  decoded  requiring  time  consuming  deconvo¬ 
lution  methods.31 

The  chemical  synthesis  of  9-defensin  RTD-1  has  also  been 
accomplished  by  either  Fmoc-1  or  Boc-based6  solid-phase 
peptide  synthesis  (SPPS).  Both  approaches,  however,  are 
rather  complex  and  expensive  to  scale-up.  Because  of  the  high 
cost  associated  with  chemical  synthesis  and  relatively  poor 
yields  of  the  cell-free  expression  system,  bacterial  expression 
provides  an  ideal  solution  for  its  large-scale  economic  production. 
Bacterial  expression  of  RTD-1  could  be  easily  scaled-up  by  using 
richer  media  and/or  fermentors  to  allow  expression  at  higher 
cellular  densities.  The  bacterial  expression  of  RTD-1  also  allows 
the  incorporation  of  NMR-active  isotopes  in  a  very  inexpensive 
manner  to  facilitate  the  structural  study  of  the  interactions 
between  0-defensin  and  potential  biomolecular  targets  through 
heteronuclear  NMR.  For  example,  we  are  using  15N-labeled 
RTD-1  to  study  the  potential  interaction  of  this  defensin  with  a 
soluble  form  of  lipid  II.  More  interestingly,  in-cell  expression  of 
RTD-1  gave  a  yield  of  ~22  pg  L-1,  which  corresponds  to  an 
intracellular  concentration  of  ~4  pM.  This  result  opens  the 
intriguing  possibility  for  the  generation  of  genetically-encoded 
libraries  using  the  0-defensin  scaffold.  These  libraries  could  be 
used  for  the  development  of  in-cell  screening  and  directed 
evolution  technologies  to  further  study  the  biological  activity 
of  0-defensins  or  to  engineer  new  biological  activities  on  the 
defensin  scaffold. 


Experimental 

Analytical  reverse  phase  (RP)-HPLC  was  performed  on  a 
HP1 100  series  instrument  with  220  nm  and  280  nm  detection 
using  a  Vydac  C18  column  (5  mm,  4.6  x  150  mm)  at  a  flow  rate  of 
1  mL  min-1.  Semipreparative  RP-HPLC  was  performed  on  a 
Waters  Delta  Prep  system  fitted  with  a  Waters  2487  Ultraviolet- 
Visible  (UV-vis)  detector  using  a  Vydac  C18  column  (5  pm,  10  x 
250  mm)  at  a  flow  rate  of  5  mL  min-1.  All  runs  used  linear 
gradients  of  0. 1  %  aqueous  trifluoroacetic  acid  (TFA,  solvent  A)  vs. 
0.1%  TFA,  90%  MeCN  in  H20  (solvent  B).  UV-vis  spectroscopy 
was  carried  out  on  an  Agilent  8453  diode  array  spectrophotometer. 
Electrospray  mass  spectrometry  (ES-MS)  was  performed  on 
an  Applied  Biosystems  API  3000  triple  quadrupole  mass  spectro¬ 
meter  using  Analyst  1.4.2.  Calculated  masses  were  obtained 
using  Analyst  1.4.2.  Protein  samples  were  analyzed  by  SDS- 
PAGE  4—20%  Tris-Glycine  Gels  (Lonza,  Rockland,  ME). 
The  gels  were  then  stained  with  Pierce  (Rockford,  IL)  Gelcode 
Blue,  photographed/digitized  using  a  Kodak  (Rochester,  NY) 
EDAS  290,  and  quantified  using  NIH  Image-J  software 
(http://rsb.info.nih.gov/ij/).  The  integrity  of  all  plasmids  was 
confirmed  by  DNA  sequencing.  DNA  sequencing  was  perfoimed 
by  the  DNA  Sequencing  and  Genetic  Analysis  Core  Facility  at 
the  University  of  Southern  California  using  an  ABI  3730  DNA 
sequencer,  and  the  sequence  data  were  analyzed  with  DNAStar 
(Madison,  Wl)  Lasergene  v8.0.2.  Amino  acid  analysis  was 
performed  at  the  Amino  Acid  Laboratory  in  the  Department 
of  Molecular  Biosciences,  School  of  Veterinary  Medicine, 


University  of  California  at  Davis.  All  chemicals  were  obtained 
from  Sigma-Aldrich  (Milwaukee,  WI)  unless  otherwise  indicated. 

Cloning  of  RTD-C3  and  RTD-C7  and  in  vitro  production  of 
RTD-1 

Synthetic  DNA  oligos  (Integrated  DNA  technologies, 
Coralville,  IA)  encoding  RTD-1  (Table  SI,  ESIf)  was  annealed 
and  ligated  into  the  pTXBl  vector  (New  England  Biolabs, 
Ipswich,  MA)  using  the  Ndel  and  SapI  restriction  sites  as 
described  previously.21’22  The  resulting  plasmids  were  trans¬ 
formed  into  either  BL21(DE3)  or  Origami2(DE3)  cells  (EMD 
Chemicals,  Gibbstown,  NJ)  and  grown  in  LB  broth.  Trans¬ 
formed  BL21(DE3)  cells  were  induced  with  0.3  mM  IPTG  for  3  h 
at  30  °C  and  transformed  Origami2(DE3)  cells  with  0.1  mM 
IPTG  for  20  h  at  22  °C.  Cells  were  lysed  in  0.1  mM  EDTA, 
1  mM  PMSF,  50  mM  sodium  phosphate,  250  mM  sodium 
chloride  buffer  at  pH  7.2  containing  5%  glycerol  by  sonication. 
The  soluble  fraction  was  incubated  with  chitin  beads 
(New  England  Biolabs)  for  1  h  at  4  °C  and  the  beads  were 
washed  with  column  buffer  (0.1  mM  EDTA,  50  mM  sodium 
phosphate,  250  mM  sodium  chloride  buffer  at  pH  7.2)  containing 
0.1%  Triton  X-100  followed  by  washes  with  column  buffer 
without  Triton  X-100.  The  peptide  was  cyclized  and  folded 
in  vitro  using  column  buffer  at  pH  7.2  containing  100  mM 
reduced  glutathione  (GSH)  for  2-3  days  at  room  temperature 
with  gentle  rocking.  We  found  that  under  these  conditions 
RTD-1  binds  strongly  to  the  chitin  column,  and  therefore  was 
eluted  using  8  M  GdmCl  in  water.  The  corresponding  super¬ 
natant  and  washes  were  pooled,  and  RTD-1  was  purified  by 
semipreparative  HPLC  using  a  linear  gradient  of  17-39%  solvent 
B  for  over  30  min.  Purified  products  were  characterized  by  HPLC 
and  ES-MS.  RTD-1  was  quantified  by  amino  acid  analysis.  The 
expression  of  RTD-intein  fusion  precursors  was  quantified 
first  by  desorption  of  the  proteins  from  an  aliquot  of  chitin 
beads  using  8  M  GdmCl  and  then  measurement  by  UV-VIS 
using  a  molar  absorption  coefficient  value  of  36  660  M-1  cm-1. 

Expression  of  lsN-labeled  RTD-1 

Expression  was  carried  out  using  BL21(DE3)  cells  as  described 
above  except  those  grown  in  M9  minimal  medium  containing 
0. 1  %  15NH4C1  as  the  nitrogen  source.25’34  Cyclization  and  folding 
were  performed  as  described  above.  The  15N-labeled  RTD-1  was 
purified  by  semipreparative  HPLC  as  before.  Purified  products 
were  characterized  by  HPLC  and  ES-MS  (Fig.  SI,  ESIf). 

In-cell  expression  of  RTD-1 

Origami2(DE3)  cells  transformed  with  the  plasmid  encoding 
the  RTD-C7  precursor  were  grown,  induced,  harvested  and 
lysed  as  described  above.  The  insoluble  pellet  was  first  washed 
three  times  with  column  buffer  containing  0.1%  Triton  X-100 
and  then  twice  with  just  column  buffer.  The  resulting  pellet 
was  dissolved  in  minimal  amount  of  8  M  GdmCl  in  water.  Both 
the  soluble  cell  lysate  and  solubilized  cell  lysate  pellet  were 
extracted  using  C18  SepPak  cartridges  (Waters,  Milford,  MA) 
with  elution  in  MeCN  :  H20  (3  :  2  vol)  containing  0. 1  %  TFA 
and  lyophilized.  The  samples  were  dissolved  in  H20  containing 
0. 1  %  formic  acid  and  analyzed  by  HPLC-tandem  mass  spectro¬ 
metry  using  a  C18-HPLC  column  (5  mm,  2.1  x  100  mm). 
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and  H20-MeCN  buffers  containing  0.1%  formic  acid  as  mobile 
phase.  Typical  analysis  used  a  linear  gradient  of  0-90% 
MeCN  in  H20  for  over  10  min.  Detection  was  performed  on 
an  API  3000  ES-MS  using  a  multiple  reaction-monitoring 
(MRM)  mode.  MRM  analysis  was  performed  using  peaks  at 
m/z  =  521.6  (4th  charge  state)  and  695.1  (3rd  charge  state). 
Data  were  collected  and  processed  using  Analyst  software 
(Applied  Biosystems).  The  calibration  curve  using  pure  RTD-1 
was  found  to  be  linear  in  the  range  of  10-40  ng.  Loss  of  RTD-1 
during  extraction  was  quantified  by  spiking  a  control  sample 
with  a  known  amount  of  purified  RTD-1  and  analysis  by 
HPLC-MS/MS.  The  recovery  was  found  to  be  approximately 
45%.  Intracellular  RTD-1  concentration  was  calculated  using 
the  following  constants  for  E.  coli  K12:  intracellular  volume 
0.58  x  10- 15  L  cell-1;  wet  weight  640  x  10-15  g  cell-1  (http:// 
bionumbers.hms.harvard.edu). 

NMR  spectroscopy 

NMR  samples  were  prepared  by  dissolving  15N -labeled  back¬ 
bone  cyclized  RTD-1  into  80  mM  potassium  phosphate  buffer 
at  pH  6.0  in  90%  H2O/10%  2H20  (v/v)  or  100%  D20  to  a 
concentration  of  approximately  0.2  mM.  All  'H  NMR  data 
were  recorded  on  a  Bruker  Avance  II  500  MHz  spectrometer 
equipped  with  a  cryoprobe.  Data  were  acquired  at  25  °C,  and 
2,2-dimethyl-2-silapentane-5-sulfonate,  DSS,  was  used  as  an 
internal  reference.  All  2D  'Hf'HJ-TOCSY  and  1 H (‘ H]- 
NOESY  and  3D  experiments,  'H{15N}-TOCSY-HSQC  and 
'H(15N}-NOESY-HSQC,  were  performed  according  to  standard 
procedures35  with  spectral  widths  of  14  ppm  in  proton  dimensions 
and  35  ppm  in  nitrogen  dimension.  The  carrier  frequency  was 
centered  on  the  water  signal,  and  the  solvent  was  suppressed 
by  using  WATERGATE  pulse  sequence.  TOCSY  (spin  lock 
time  80  ms)  and  2D-NOESY  (mixing  time  250  ms)  spectra 
were  collected  using  4096  12  points  and  512  t{  blocks  of 
64  transients.  3D-TOCSY-HSQC  (spin  lock  time  80  ms)  and 
3D-NOESY-HSQC  (mixing  time  250  ms)  spectra  were  collected 
using  1024  ?3  points,  256  t2  and  128  t\  blocks  of  16  transients. 
Spectra  were  processed  using  Topspin  1.3  (Bruker).  Each  3D  data 
set  was  apodized  by  90°-shifted  sinebell-squared  in  all  dimensions, 
and  zero  filled  to  1024  x  512  x  256  points  prior  to  Fourier 
transformation.  Assignments  for  the  backbone  nitrogens,  H”  and 
H'  protons  (Tables  S2,  ESIf)  were  obtained  using  standard 
procedures.35'36 

Anthrax  lethal  factor  protease  inhibition  assay 

Lethal  factor  (LF)  protease  and  FRET-based  substrate  containing 
fluorescent  proteins  CyPet  and  YPet  linked  by  consensus  sequence 
(RRKKVYPYPMEGTIA)  were  expressed  and  purified  as 
previously  described23"’7  RTD-1  concentrations  were  quantified 
by  amino  acid  analysis.  LF  inhibition  assay  was  performed  in  LF 
reaction  buffer  (10  pM  CaCl2, 10  pM  MgCl2, 20  pM  ZnCl2, 20  mM 
sodium  phosphate,  and  100  mM  NaCl  at  pH  7.2).  Samples  of 
50  nM  LF  in  LF  reaction  buffer  (100  pL)  were  preincubated 
with  different  concentrations  of  RTD-1  ranging  from  1  nM  to 
10  pM.  After  incubation  at  room  temperature  for  30  min, 
residual  LF  activity  was  measured  by  adding  the  FRET-based 
substrate  to  a  final  concentration  of  10  nM  and  the  decrease  in 
FRET  signal  was  observed.28  Measurements  of  the  FRET  signal 


were  taken  every  2  min  for  3  h.  FRET  was  measured  using  an 
Envision  2103  plate  reader  (PerkinElmer)  using  an  excitation 
wavelength  of  405  nm.  The  relative  FRET  change  was  calculated 
using:  FRC  =  /t535//0535,  where  70  and  /,  are  the  fluorescence 
intensities  at  time  zero  and  at  a  particular  time  ( t ),  at  535  nm.  The 
initial  velocities  for  the  hydrolysis  of  substrate  lethal  factor  in  the 
presence  of  different  concentrations  of  RTD-1  were  fitted  to  a 
one-site  competitive  binding  equation  using  the  software  package 
Prism  (GraphPad  Software).  K:  was  calculated  using  the  equation 
of  Cheng  and  Prusoff29  and  a  Km  value  of  40  pM.30 
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We  report  an  efficient  approach  for  the  chemical  synthesis  of  Rhesus  0-defensin-l  (RTD-1)  using  Fmoc- 
based  solid-phase  peptide  synthesis  in  combination  with  an  intramolecular  version  of  native  chemical 
ligation.  The  corresponding  linear  thioester  precursor  was  cyclized  and  folded  in  a  one-pot  reaction  using 
reduced  glutathione.  The  reaction  was  extremely  efficiently  yielding  natively  folded  RTD-1  with  minimal 
or  no  purification  at  all.  This  approach  is  fully  compatible  with  the  high  throughput  production  of  chem¬ 
ical  libraries  using  this  peptide  scaffold. 

©  2012  Elsevier  Ltd.  All  rights  reserved. 


Defensins  are  antimicrobial  peptides  that  are  important  in  the 
innate  immune  defense  of  mammals.1-3  Mammalian  defensins 
have  broad-spectrum  antimicrobial  activities  including  anti-viral, 
and  have  been  shown  to  be  involved  in  other  defense  mechanisms, 
such  as  immune  modulation,  neutralization  of  endotoxin,  and 
anti-cancer  activities,  among  others.3,4  Mammalian  defensins  are 
cationic  cysteine-rich  peptides  with  largely  |3-sheet  structures  sta¬ 
bilized  by  the  presence  of  three  disulfide  bonds,  and  can  be  classi¬ 
fied  into  three  structurally  distinct  groups,  oc-,  p-  and  0-defensins. 
Despite  differences  in  disulfide  connectivities  and  the  presence  of 
an  N-terminal  ot-helix  segment  in  p-defensins,  at-  and  p-defensins 
adopt  a  similar  overall  fold.  0-Defensins,  on  the  other  hand,  are 
backbone-cyclized  octadecapeptides  that  are  produced  by  the 
pair-wise,  head-to-tail  splicing  of  nonapeptides  derived  from 
oc-defensin  related  precursors  by  an  as  yet  unknown  mechanism.1,5 
0-Defensins  are  only  expressed  in  Old  World  monkeys  and  orangu¬ 
tans,6-8  and  to  date,  they  remain  the  only  known  backbone- 
cyclized  polypeptides  expressed  in  animals.1  Interestingly,  humans 
possess  genes  encoding  9-defensins,  but  they  have  lost  the  ability 
to  produce  the  peptides  due  to  a  stop  codon  mutation  within  the 
signal  sequence  that  prevents  subsequent  translation.9 

Rhesus  0-defensin-l  (RTD-1)  was  the  first  0-defensin  to  be 
found  in  leukocyte  extracts  from  Rhesus  macaques.1  Other  less 
abundant  RTD  variants,  named  RTD-2  through  RTD-6,  have  also 
been  found  in  Rhesus  macaques  more  recenlty.10  12  0-Defensins 
have  broad  antimicrobial  activities  in  the  presence  of  physiological 
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concentrations  of  salt,  divalent  cations,  and  serum  in  vitro.1,13 
Interestingly,  they  are  also  anti-fungal1  and  have  anti-viral  activi¬ 
ties  against  herpes  simplex14  and  HIV.9,15  In  fact,  chemically- 
synthesized  0-defensins  derived  from  the  corresponding  human 
pseudogene  sequences  have  been  shown  to  protect  human  cells 
from  infection  by  HIV-19  and  have  been  evaluated  as  a  topical 
anti-HIV  agent  for  the  prevention  of  HIV  transmission.16-18 
0-Defensins  also  inactivate  germinating  anthrax  spores  and  act  as 
a  competitive  inhibitor  of  anthrax  lethal  factor  protease.19 

The  structure  of  RTD-1  (Fig.  1A)  is  different  from  that  of  a-  and 
p-defensins,  exhibiting  a  backbone-cyclized  double  p-hairpin-like 
fold  with  two  anti-parallel  p-strands  stabilized  by  three  disulfide 
bonds  in  a  ladder  configuration  (Fig.  1A).20  The  circular  backbone 
topology  of  0-defensins  is  required  for  their  biological  activity  as 
their  linear  counterparts  show  a  decreased  biological  activity. 
The  presence  of  three  disulfides  and  a  circular  backbone  topology 
makes  0-defensins  a  particularly  stable  peptide  framework.  Alto¬ 
gether,  these  features  make  these  peptides  an  attractive  molecular 
scaffold  for  the  development  of  peptide-based  therapeutics  with 
optimized  antimicrobial  activity  or  for  the  introduction  of  novel 
biological  activities. 

The  relatively  small  size  of  0-defensins  (18  residues)  makes  it 
possible  to  use  chemical  tools  for  the  generation  of  large  combina¬ 
torial  libraries  based  on  this  scaffold  for  the  screening  and  selection 
of  optimized  sequences  for  a  particular  biological  activity.  The 
chemical  synthesis  of  0-defensin  RTD-1  has  already  been  accom¬ 
plished  by  either  Fmoc-1  or  Boc-based20  solid-phase  peptide  syn¬ 
thesis  (SPPS).  In  both  approaches,  the  fully  reduced  unprotected 
linear  peptide  was  first  folded  under  physiological  conditions  and 
then  the  N-terminal  amino  and  C-terminal  carboxylic  groups  were 
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RTD-C3  h-CRCLCRRGVCRCICTRGF-SR 


RTD-C7  H-CRRGVCRCICTRGFCRCL-SR 

Figure  1.  (A)  Primary  and  tertiary  structures  of  rhesus  0-defensin  1  (RTD-1)  (PDB  ID 
code:  1HVZ).20  The  backbone  cyclized  peptide  (connecting  bond  shown  in  blue)  is 
stabilized  by  the  three-disulfide  bonds  in  a  ladder  formation  (disulfide  bonds 
shown  in  yellow).  A  solid  circle  is  used  to  indicate  the  position  of  residue  Gly1  with 
an  arrow  indicating  the  N-to-C  direction  of  the  polypeptide  backbone.  (B) 
Sequences  of  the  linear  peptide  thioester  precursors  used  in  this  work,  RTD-C3 
and  RTD-C7.  The  sequence  RRGV  is  underlined  for  reference. 
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reacted  using  different  coupling  reagents.1,20  However,  due  to  the 
use  of  non-chemoselective  conditions  during  the  backbone  cycliza- 
tion  of  the  un-protected  peptide,  the  ligation  reaction  required 
careful  optimization  and  in  both  cases  the  final  product  had  to 
be  purified.  Although  this  approach  has  been  successful  in  the 
chemical  production  of  different  0-defensins,  the  production  of 
large  libraries  would  require  the  optimization  and  purification  of 
every  potential  member  of  the  library  making  this  approach 
impractical.  In  order  to  overcome  this  problem  we  decided  to  ex¬ 
plore  the  use  of  intramolecular  native  chemical  ligation 
(NCL)21,22  for  the  efficient  production  of  cyclic  0-defensins  (Scheme 
1 ).  Intramolecular  NCL  requires  the  presence  of  an  N-terminal  Cys 
residue  and  a  C-terminal  a-thioester  group  in  the  same  linear  pre¬ 
cursor  molecule.23,24  The  chemoselectivity  of  this  intramolecular 
reaction  is  extremely  exquisite  at  neutral  pH  producing  the  back¬ 
bone  cyclized  peptide  in  almost  quantitative  yields.24-26 

RTD-1  has  six  Cys  residues  that  may  be  used  for  cyclization.  In 
order  to  facilitate  the  cyclization  reaction,  we  decided  to  use  the 
Cys  residues  located  in  positions  3  and  7  (Fig.  1 ).  These  Cys  residues 
do  not  posses  a  charged  or  p-branched  residue  N-terminally  adja¬ 
cent,  which  should  facilitate  the  kinetics  of  the  cyclization  reaction. 
Accordingly,  two  different  RTD-1  linear  thioester  precursors  (RTD- 
C3  and  RTD-C7)  were  produced  by  Fmoc-based  SPPS  using  a  safety- 
catch  sulfonamide  linker  (Scheme  1  and  Fig.  IB).27,28  Activation  of 
the  sulfonamide  peptide-resins  with  iodoacetonitrile  followed  by 
thiolytic  cleavage  with  ethyl  3-mercaptopropionate  provided  the 
fully  protected  C-terminal  thioester  peptide  precursors.  Subse¬ 
quent  acidolysis  with  trifluoroacetic  acid  (TFA),  and  purification 
by  precipitation  with  Et20  gave  the  corresponding  unprotected  lin¬ 
ear  thioester  precursors  with  yields  «10-15%  based  on  the  initial 
substitution  of  the  resin.  As  shown  in  Figure  2A,  HPLC  analysis  of 
the  TFA  crude  for  both  linear  precursors  revealed  in  both  cases 
the  presence  of  a  major  peak  that  corresponded  to  the  expected 
linear  thioester  precursor  as  determined  by  electro-spray  mass 
spectrometry  (ESMS)  analysis  (Fig.  2A).  Other  minor  peaks  present 
in  both  TFA  crudes  were  identified  by  ES-MS  as  partially  oxidized 
linear  precursors. 

We  next  performed  the  backbone  cyclization/folding  in  a  one- 
pot  reaction  by  diluting  the  corresponding  unpurified  peptide 
thioester  precursors  to  a  final  peptide  concentration  of  «25  pM 


GSH, 

phosphate  buffer  at  pH  7.2 

Y 


Scheme  1.  Diagram  depicting  the  chemical  synthesis  of  RTD-1  by  Fmoc-based  SPPS 
followed  by  GSH-induced  cyclization/folding. 


in  sodium  phosphate  buffer  at  pH  7.0  in  the  presence  of  1  mM  re¬ 
duced  glutathione  (GSH).  GSH  has  been  shown  to  promote  cycliza¬ 
tion  and  concomitant  folding  when  used  in  the  production  of 
several  Cys-rich  cyclic  polypeptides.26,29-31  As  shown  in  Figure 
2A,  the  GSH-induced  cyclization/folding  reaction  was  very  clean 
and  efficient  for  both  linear  precursors,  being  complete  in  24  h. 
In  both  cases  the  major  peptide  product  was  identified  by  ES-MS 
as  the  expected  folded  cyclized  RTD-1  product  (Fig.  2).  It  is  worth 
noting,  that  the  cyclization/folding  of  precursor  RTD-C7  was  extre¬ 
mely  efficient  producing  a  product  with  more  than  90%  of  the  pep¬ 
tide  content  being  the  desired  cyclic  folded  product  therefore 
requiring  no  purification  (Fig.  2A).  The  yield  for  the  one-pot  cycli¬ 
zation  and  folding  using  precursor  RTD-C3  was  estimated  by  HPLC 
to  be  «80%  (Fig.  2B). 

The  biological  activity  of  pure  synthetic  RTD-1  was  tested  using 
an  anthrax  lethal  factor  (LF)  protease  inhibitory  assay.32  Synthetic 
RTD-1  was  able  to  inhibit  LF  with  an  IC50  of  419  ±  32  nM  (Fig.  3A). 
This  IC50  value  corresponds  to  a  «  0.4  pM  under  the  conditions 
used  in  the  inhibitory  assay.33,34  This  IC50  is  similar  to  the  values 
previously  reported  for  native  RTD-1,19,35  therefore  confirming 
the  biological  activity  of  synthetic  RTD-1. 

Pure  synthetic  RTD-1  was  also  characterized  by  2D-’H  NMR  to 
confirm  its  0-defensin  fold.  The  structure  of  RTD-1  has  been  previ¬ 
ously  elucidated  by  NMR  in  10%  MeCN  aqueous  buffer  at  pH  4.5.20 
We  have  also  recently  characterized  native  folded  recombinant 
15N-labeled  RTD-1  in  phosphate  buffer  at  pH  6.0  36  The  chemical 
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Figure  2.  Reverse-phase  C18-HPLC  traces  for  the  GSH-induced  cyclization  folding  of  purified  precursors  RTD-C3  (A)  and  RTD-C7  (B).  The  HPLC  traces  of  the  corresponding 
linear  peptide  thioester  precursor  TFA  crudes  are  shown  on  the  left.  The  thioester  linear  peptide  is  marked  in  each  case  with  an  arrow.  Other  minor  peptide  products  are 
marked  with  an  asterisk.  These  compounds  were  identified  as  partially  oxidized  linear  peptides  by  ES-MS  and  disappear  once  the  cyclization/folding  is  complete  (right  HPLC 
traces). 


IC50  =  419  ±  32  nM 


Figure  3.  Characterization  of  synthetic  RTD-1.  (A)  Inhibition  assay  of  RTD-1  against  anthrax  lethal  factor  (LF).  LF  activity  was  measured  in  the  presence  of  increasing 
concentrations  of  peptide  RTD-1  and  it  was  determined  as  the  rate  LF  cleaves  a  FRET-based  substrate.32  (B)  Summary  of  the  'H  NMR  assignments  for  the  backbone  protons: 
A<5(!H)  are  the  deviations  in  the  chemical  shifts  of  the  main  chain  protons  between  the  values  obtained  in  this  work  for  synthetic  RTD-1  and  those  reported  for  RTD- 1  at  pH  6 
(Table  SI)  and  pH  4.5.20 


shifts  of  the  assigned  backbone  amide  and  alpha  protons  (HNa  and 
HC01)  for  synthetic  RTD-1  were  almost  identical  «0.1  ppm)  to 
those  reported  for  RTD- 1  at  pH  6.0  (Fig.  3B  and  Table  SI).36  We  also 
compared  the  chemical  shifts  of  synthetic  RTD-1  with  those  re¬ 
ported  by  Craik  for  RTD-1  in  10%  MeCN  at  pH  4. 5. 20  Again,  no  sig¬ 
nificant  (^0.3  ppm)  differences  were  found  in  the  backbone  amide 
protons.  We  also  saw  a  uniform  shift  rather  than  variable  changes 
for  the  backbone  alpha  protons  (?^0.2  ppm)  at  pH  6.0  (Fig.  3B  and 
Table  SI).  Since  backbone  alpha  protons  usually  reflect  the  second¬ 
ary  structure  of  the  peptide  backbone,  this  uniform  offset  in  the 
resonances  of  the  backbone  HCot  protons  can  be  attributed  to  the 


different  buffer  conditions  used  in  the  two  samples  rather  than 
changes  in  secondary  structure.  Altogether,  these  data  confirm  that 
synthetic  RTD- 1  adopts  a  native  0-defensin  fold. 

In  summary,  we  have  achieved  the  efficient  synthesis  of  the  0- 
defensin  RTD- 1  using  optimized  Fmoc-based  SPPS  in  combination 
with  one-pot  NCL-driven  backbone  cyclization  with  concomitant 
folding.  We  have  shown  that  the  GSH-induced  cyclization/folding 
of  linear  precursor  RTD-C7  is  extremely  clean  not  requiring  the 
purification  of  the  final  cyclic  folded  0-defensin.  To  our  knowledge 
this  represents  the  first  chemical  synthesis  of  RTD- 1  using  a  chem¬ 
ical  approach  that  is  extremely  efficient  therefore  requiring  mini- 
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mal  or  no  purification  at  all  and  therefore  fully  compatible  with  the 
high  throughput  production  of  chemical  libraries  using  this  scaf¬ 
fold.  These  libraries  could  be  used  for  the  optimization  of  the  al¬ 
ready  known  properties  of  0-defensins  or  for  the  introduction  of 
novel  biological  activities  into  this  backbone  cyclized  polypeptide 
scaffold. 
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